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ABSTRACT 
 
 
DDT resistance in the Drosophila melanogaster resistant (91-R) and susceptible (91-C) fly lines has been 
previously examined for differential expression of transcripts and proteins. Here I present the first whole 
genome sequencing analysis of the 91-R and 91-C fly lines to identify structural changes within the open 
reading frames (ORFs) to identify putative resistance loci across the entire genome. Allele fixation revealed 
a higher number of novel alleles going to fixation for the DDT resistant 91-R fly line under intense selective 
pressure as compared to the DDT susceptible 91-C fly line. Conversely the 91-C fly line, as compared to 
the 91-R fly line, had a higher number of mutations going to fixation for alleles previously documented in 
the reference Drosophila genome. These patterns of fixation were also observed on each individual 
chromosome. Single-nucleotide polymorphism (SNP) and deletion/insertion polymorphism (DIP) analysis 
yielded 710 total ORF mutations in the 91-R fly line with a total of 138 genes containing SNPs/DIPs from 
only the 91-R fly line. Examination of these 91-R only SNP/DIP-containing genes at the Rst(2)DDT locus 
identified twelve genes of potential interest for future studies to determine their potential role, if any, in DDT 
resistance (CG1698, CG1688, dila, Rs1, CG1773, CG8520, Cpr47Eb, CG30373, CG10459, sprt, 
CG30486, CG17574). This study provides a novel analysis approach to identify structural changes in the 
ORFs across the genome of pesticide resistant organisms. 
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to Luna 
 
 
“Los perros no son todo en nuestra vida,  
pero ellos la hacen completa.” 
- Roger Caras 
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INTRODUCTION 
 
Insecticides play an important role in the lives of humans by controlling both agricultural pests and 
disease vectors (Perry 2011). Regardless of how effective insecticidal sprays are upon their initial use in 
the field, almost every type of insecticide has resulted in some degree of known resistance, something 
which has been well documented across numerous insect species [Arthropods Resistant to Pesticides 
Database (ARPD) (http://www.pesticideresistance.org/)]. However, pesticide use and resistance represent, 
respectively, an important recent man-made evolutionary force and very tractable system for understanding 
the genomic responses of insects such as selection pressure (Dedryver et al., 2010; Enayata & 
Hemingway, 2010; Lange et al., 2009; Lounibos, 2002; Suckling & Brockerhoff, 2010; Vickery et al., 2008). 
One of the first cases of insecticide resistance to be published was the San José scale insect to sulfur-lime 
in 1914 (Melander, 1914) and since then numerous other reports have emerged in the literature, especially 
post-World War II with the introduction of second generation pesticides. Arguably the most famous, or 
infamous, second generation pesticide is dichlorodiphenyltrichloroethane, otherwise known as DDT. 
In the case of DDT, resistance was first observed in the housefly, Musca domestica, and has since 
been documented across numerous insect species (across many different Orders) including, but not limited 
to, Anopheles arabiensis (Order: Diptera), Heliothis virescens (Order: Lepidoptera), Blattella germanica 
(Order: Blattodea), and Tribolium castaneum (Order: Coleoptera) (Brazzel, 1963; Georghiou, 1972; 
Himeidan et al., 2001; Hooper, 1969; Speirs et al., 1971). DDT was first synthesized in 1874 by Zeidler but 
not realized for its use as a highly effective insecticide until over 60 years later in 1939 by Paul Müller 
(Hayes & Laws, 1991). By the 1970’s, considerable public backlash had occurred against this compound, 
resulting in it being banned from use in many countries around the planet. Continued interest in DDT’s 
mode of action and resistance mechanisms in insects remains largely academic, however, at the same 
time this banned molecule remains highly persistent in the environment and has been associated with 
negative effects on human health (Conis, 2010; Jaga & Dharmani, 2003; Perry et al., 2011). One of the few 
species in which lines of DDT resistant insects have been maintained in the laboratory is Drosophila 
melanogaster (hereafter referred to as Drosophila), the fruit fly, making it an excellent model system for 
understanding the evolution of resistance to DDT. These DDT resistant strains may also have great 
potential for use in understanding molecular changes associated with pathways of importance in humans 
as it pertains to potential negative impacts of DDT on mammalian health (Schneider, 2000; Merrill & 
Underhill, 1956; Wilson, 1988). 
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Drosophila has become one of the best and most accessible tools in regards to molecular genetics 
since it was first studied by William E. Castle and some of his graduate students around 1906 (Allen, 1975; 
Castle et al., 1906). This work laid the foundation for over one hundred years of resource and tool-building 
that has made Drosophila a model organism unparalleled in the insect world. This insect has many qualities 
that make it an ideal model organism for research, including its ability to be easily maintained in a 
laboratory setting, its short life span, having the first completed and well-annotated insect genome, and 
orthologous genes to about 75% of the known Homo sapiens disease genes allowing for studies that can 
be difficult with human trials (Adams et. al, 2000; Roberts, 2006; Schneider, 2000; Beckingham et al., 2005; 
Michno et al., 2005). Drosophila has also been invaluable in understanding the mechanisms and targets of 
insecticides, which can be applied across a variety of insects (Perry et al. 2011). Over the years different 
strains of Drosophila have been developed in laboratories, ranging from temperature-sensitive lines to a 
dark-fly line maintained entirely in darkness for over 57 years (Grigliatti et al., 1973; Izutsu et al., 2012). 
Within the context of DDT resistance, one such pair of fly lines, 91-C and 91-R, was created from an 
original wild population of flies from St. Paul, Minnesota during September of 1952 and, in the case of 91-R, 
intensely (and successfully) selected for DDT resistance while 91-C was maintained without DDT selection 
(Merrell & Underhill, 1956; Merrell, 1959,1965). With this constant DDT selection pressure, the 91-R 
population attained a resistance level of at least 100 times that of the 91-C susceptible population (Merrell 
1965). A visual timeline highlighting some of the important dates related to DDT, DDT resistance, and 
Drosophila can be seen in Figure 1. 
Since the establishment of the 91-C and 91-R fly lines in 1952, they have been utilized in a variety of 
studies, with many of the resultant publications being focused on, though not only limited to, DDT 
resistance. Examples include experiments examining metabolic breakdown of the pesticide, differential 
gene expression, and identification of specific genes, gene classes, or chromosomal locations related to 
resistance (Pedra et al., 2005; Pedra et al., 2004; Pittendrigh et al., 1997; Dapkus, 1992). Often these DDT-
resistance based studies using the 91-C and 91-R fly lines served as the basis for investigating insecticide 
resistance in other insect species, such as Pediculus humanus humanus and Plutella xylostella (Yoon et 
al., 2011; Baek et al., 2009). Rodriguz-Arnaiz et al. (1993) used the 91-R and 91-C fly lines in a study 
investigating the effects of genotoxic carcinogens on genetic heterogeneity while Bhaskara et al. (2008) 
focused on the resistant 91-R fly line to examine the effects of caffeine, specifically on gene expression 
levels of CYP6A2 and CYP6A8 and their associated regulation pathways. 
  3 
Over the last 20 years, much of the literature on molecular mechanisms of DDT focused on the 
differential expression of detoxification enzymes and mutations impacting the voltage-sensitive (gated) 
sodium channels, known in Drosophila as paralytic (para) (Pedra et al., 2004; Sun et al., 2011; Suzuki et 
al., 1971; Loughney et al., 1989; Pittendrigh et al., 1997). However, DDT is known to impact numerous 
other physiological processes, including directly impacting other components of the nervous system (e.g. 
plasma membranes of nerve fibers) (Barnola et al., 1971), and changes in cuticular penetration (Strychartz 
et al., submitted). All of these are thought to have large effects on the resistance/tolerance to pesticides 
such as DDT. Although differential expression may play an important, albeit partial role, in resistance, it is 
also highly likely that mutations in open reading frames (ORFs) leading to structural changes in genes and 
their resultant protein products can have profound effects on resistance. Thus, a single gene analysis on 
differential expression of detoxification enzymes (Daborn et al., 2002) or a whole transcriptome or protein 
analysis (Pedra et al., 2004; Pedra et al., 2005) would likely overlook such structural changes. 
As technology has developed and changed over the past decade, there have been articles published 
that have applied a wide variety of different molecular biology techniques, such as immunoblot, dot blots, 
and northern blots (Festucci-Buselli et al., 2005), Affymetrix® genome-wide microarray analysis (Pedra et 
al., 2004), and quantitative real time polymerase chain reaction (qRT-PCR) (Sun et al., 2011), to these two 
fly lines, with the main exception being that whole-genome sequence (WGS) analyses have not been 
performed. Since the advent of the WGS technology, the price for these types of projects has continually 
declined to where it is reasonable and feasible to perform a WGS single-nucleotide polymorphism (SNP) 
analysis and deletion/insertion polymorphism (DIP) analysis for the two fly lines. This type of analysis has 
the potential to allow for the identification of possible genes associated with high levels of DDT resistance 
across the entire genome. This unique resource, a WGS-SNP/DIP analysis, can then be compared and 
contrasted with current and past literature to determine if there are overlaps from previous studies and 
which changes are novel to resistance research. Additionally, comparisons can be made with the 
mammalian literature in regards to disease states in humans that have been associated with DDT 
exposure, such as, but not limited to, Parkinson’s disease (van Wendel de Joode, et al., 2001). This is of 
significant importance as, according to a review by Beard (2006), there is still a gap in knowledge related to 
the unknown impacts of DDT to human health and common diseases, especially as DDT (and its 
metabolites) continues to persist in the environment, both in developed and developing countries alike 
(Torres-Sánchez & López-Carrillo, 2007). 
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This study is a comparison of the 91-C and 91-R fly line genomes, focusing on SNPs and DIPs located 
within ORFs that cause amino acid changes in protein coding sequences. Beyond opening up new 
avenues to understand the molecular mechanisms of DDT resistance, understanding SNP and DIP 
differences between 91-C and 91-R also allows for the investigation of alleles that go to fixation in 
populations under intense selective pressure. According to Dr. William Muir (personal communications; 
unpublished), it has been observed in populations of the red junglefowl (Gallus gallus) that bidirectional 
selection for Marek’s disease resistance (a disease caused by a retrovirus) leads to fixation for novel 
mutations while selection for viral susceptibility leads to fixation for alleles previously documented in the 
reference genome population. Thus, two hypotheses related to the genomic analysis of the 91-C and 91-R 
fly lines are as follows: (1) the 91-R fly line, which has been under intensive selection pressure for years, 
will have a higher number of novel mutations than the 91-C fly line, and (2) for the 91-R fly line, with the 
high levels of DDT resistance, there will be amino acid changes in proteins including, but not limited to, 
products of other nervous system genes, mitochondria-associated genes, and cuticular genes, among 
others. 
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MATERIALS AND METHODS 
 
Drosophila melanogaster resistant and susceptible fly lines. 
 
Flies were reared on brown diet (Jazz-Mix Drosophila Food, Fischer Scientific, Cat. No. AS153) in 
plastic bottles and transferred to new bottles about every three weeks. Fly populations were maintained at 
approximately 25oC with 8 h light exposure and 16 h dark exposure. 91-C and 91-R strains were obtained 
from Dr. Ranjan Ganguly (University of Tennessee-Knoxville). Merrell and Underhill (1956) provide a 
description on the methodology used to develop the two fly lines. DDT resistance was checked for in the 
91-R fly line and susceptibility in the 91-C fly line before DNA extraction and sequencing (data not shown). 
 
Insect collection, DNA extraction, and DNA sequencing. 
 
Flies were collected from four bottles containing populations of 91-R that had been previously screened 
for DDT resistance and from four bottles containing populations of 91-C that had been previously screened 
for DDT susceptibility. A total of 250 female flies and 250 male flies were collected from each bottle, 
resulting in a total sample size of 1000 female and 1000 male flies to be used from each fly line. Flies were 
collected in sets in microcentrifuge tubes as the adults emerged, flash froze in liquid nitrogen, and stored at 
-80oC.  Flies from each line were pooled together and split randomly into approximately 1000 flies (males 
and females mixed) for two identical DNA extractions. DNA extraction was completed using the Qiagen 
DNeasy® Plant Maxi Kit (Qiagen, Valencia, CA; Cat. No. 68163, Lot. No. 430117979) according to the 
manufacturer instructions. Sample DNA concentrations and DNA purity were obtained using NanoDrop 
1000 UV/VIS Spectrophotometer (Thermo Scientific, Serial No. G642) and gel electrophoresis, 
respectively. DNA samples were sequenced as 100 bp paired-end reads at the W.M. Keck Center for 
Comparative and Functional Genomics at the University of Illinois Urbana-Champaign with two lanes of 
pair-end reads for each fly line using the Genome Analyzer IIx (GAIIx), with libraries constructed according 
to the manufacturer’s manual (Genomic DNA Sample Prep Kit from Illumina). Bases were called using 
Illumina software and data outputted as .fastq files. 
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Methods for finding signatures of selection. 
 
The FASTQ files were input into CLC Genomics Workbench 5.1 software as pairs for alignment to the 
reference genome using the local alignment option and the restriction that paired reads aligned within the 
range of 200-430bp. The Drosophila reference genome was downloaded from Flybase.org 
(ftp://ftp.flybase.net/genomes/Drosophila_melanogaster/) with version 5.36 used (File: dmel-all-
chromosome-r5.36.fasta.gz). After alignment to the reference, an average coverage of 31.8x and 31.0x 
were obtained for the C and R lines respectively. Fragments that did not read in as pairs, or map as pairs, 
were discarded. SNPs and DIPs were called based on CLC Genomics Workbench 5.1 SNP calling 
software with the requirements that the central SNP/DIP have a minimum PHRED quality score of 20, the 
surrounding 11 bases on either side have an average quality score of 15, the depth of coverage for those 
11 bases be at least 10, and the minimum variant frequency be 10%. 
The Fst statistic was used as indicator of selection: A selective sweep should have high Fst locally and 
low otherwise. This is the same as saying the between breed variance should be high and the within breed 
variance should be low. Fst can be computed without knowledge of individual heterozygosity, thus this 
statistic is perfect for pools. The allele frequency at locus j in population i is pij. 
 
 
and over a sliding window with N SNPs 
 
 
We chose those peaks with an Fst > .8 which was considered an extreme given that the average Fst 
between the populations over all loci was only .3. The Fst analysis was done using custom Fortran 95 
scripts. 
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RESULTS 
 
Samples: Sequencing data, analysis, read mapping, and SNP/DIP detection. 
 
 The .fastq files from the Genome Analyzer IIx were entered into CLC Genomics Workbench 5.1 
software for mapping and analysis. The 91-C fly line had a total 139,299,388 reads while the 91-R fly line 
had a total of 148,106,954 reads. Mapping of the 91-C and 91-R sequence data reads to the Drosophila 
genome yielded 104,420,681 reads for a 31.8X average coverage in 91-C and yielded 107,365,941 reads 
for a 31.0X average coverage in 91-R (Table 1). SNPs/DIPs were called using CLC Genomics Workbench 
5.1 SNP software and resulted in a total of 779 SNPs/DIPs for 91-C and 710 SNPs/DIPs for 9R-C. For the 
Drosophila data the window size was 10,000 bp and resulted in an average of 115 ± 45 (Mean ± Standard 
Error) SNPs/DIPs within each window. 
 
 
Allele fixation in 91-C and 91-C as compared to the reference Drosophila genome. 
 
Analysis revealed that, when compared to the published genome of Drosophila on flybase.org (release 
5.36), there was a clear distinction in allele fixation between the two fly lines tested in this study, 91-C and 
91-R. The 91-R line had a higher number of mutations that went to fixation as novel changes (Figure 2.1). 
For 91-R, there was a total of 562 SNPs and three DIPs that went to fixation for novel alleles while only 143 
SNPs and two DIPs that went to fixation for mutations previously observed in the population used for the 
Drosophila reference genome. In the 91-C line, the trend was reversed, with a higher number of mutations 
that were fixed for the reference genome. For 91-C, there were a total of 228 SNPs and two DIPs that went 
to fixation for novel alleles and 549 SNPs and two DIPs that went to fixation for the reference alleles. Note 
that for both fly lines the mutations displayed in Figure 2.1 refer specifically to those SNPs and DIPs that 
caused amino acid changes within the ORFs. Two of the recorded resistant SNPs as novel changes were 
located within the Arm U (according to flybase.org) and are included in Figure 2.1 but excluded for the 
individual chromosome analysis in Figure 2.2. An examination of allele fixation at the chromosome level 
also showed the trend of the 91-R line having a higher number of novel mutations going to fixation and the 
91-C line having a higher number of mutations fixed for mutations previously observed in the population 
used for the Drosophila reference genome (Figure 2.2). 
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Separation of SNPs/DIPs, and genes containing SNPs/DIPs, by individual chromosome. 
 
An examination of the SNPs/DIPs across each individual chromosome identified a specific number of 
mutations per chromosome and in turn, the specific genes containing one or more mutations. This analysis 
was performed separately for (1) the genes containing SNPs/DIPs from the 91-R fly line, (2) the genes 
containing SNPs/DIPs from the 91-C fly line, and (3) the genes containing SNPs/DIPs from both the 91-R 
and 91-C fly lines (Table 2). Based on this analysis, it appears that there are a higher number of 
SNPs/DIPs, as well as a higher number of genes containing mutations, found on the second chromosome 
across all three defined categories. 
To elaborate beyond solely looking at the numbers of genes containing mutations, a comparison of the 
total number of genes containing one or more SNP/DIP to the total number of genes on each chromosome 
(or chromosome arm) of the Drosophila genome provided percentages giving an overall idea of the 
distribution of the structural changes across the genome (Table 3). The analysis was once again separated 
for those genes containing SNPs/DIPs from the 91-R fly line, the genes containing SNPs/DIPs from the 91-
C fly line, and the genes containing SNPs/DIPs from both the 91-R and 91-C fly lines, but interestingly, all 
three categories consistently had the highest percentage of changes on the second chromosome. The 
SNPs/DIPs for the 91-R only also showed a high percentage of genes with mutations occurring on the 
fourth chromosome, though the other two categories had no mutations appearing in any of the genes on 
the fourth chromosome. 
 
SNP/DIP identification and their molecular/biological functions. 
 
Those genes containing at least one or more of the SNP(s) and/or DIP(s) for both the 91-R and 91-C 
fly lines were identified. It should be noted once again that the identified mutations were separated into 
three categories: (1) genes that contained only SNP(s) and DIP(s) from the 91-R resistant fly line; (2) genes 
that contained SNPs and DIPs from both the 91-R resistant fly line and the 91-C susceptible line; and, (3) 
genes that contained only SNP(s) and DIP(s) from the 91-C susceptible fly line. All genes were separated 
into one of nine categories based on their molecular/biological functions as identified from www.uniprot.com 
and additional literature sources (See Appendix A.1-3 for additional sources). Genes associated with 
multiple molecular/biological functions had their relevant function assigned into one of the following 
categories (1) nervous system, (2) external sensory perception, (3) cuticular, (4) egg/reproduction, (5) 
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mitochondrial, (6) growth/development, (7) metal ion binding, (8) enzyme/enzymatic activity, (9) other, and 
(10) unknown (Appendix B.1-3). Where applicable, those genes with multiple molecular/biological functions 
have these additional functions described in Appendix A.1-3. For each of the three categories, each gene 
was mapped on the Drosophila chromosome figures at its cytogenetic map location using its corresponding 
symbol annotation from flybase.org and color-coded according to the molecular/biological functions as 
listed previously (Figures 3.1 – 5.3). Genes from all three categories were highlighted initially and further 
analysis was focused solely on those SNPs and DIPs from the 91-R resistant line with the objective to 
isolate potential structural changes that may confer or be related to insecticide resistance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  10 
DISCUSSION 
 
To the best of my knowledge, this study represents the first WGS analysis of the 91-R and 91-C fly 
lines in order to elucidate candidate resistance genes specifically containing amino acid changes in ORFs. 
Drosophila has grown in importance as a model organism over the past century and its well-annotated 
genome makes it an ideal organism for studies on pesticide resistance, especially with the advent of WGS 
technologies. The Illumina sequence data sets for the DDT susceptible 91-C and DDT resistant 91-R 
Drosophila fly lines and subsequent analysis allowed me (i) to compare the DDT resistant and susceptible 
populations for differences and similarities across the whole genome (ii) as well as through gene by gene 
examination of individual nucleotide changes causing amino acid differences, and (iii) potential structural 
changes, within the ORFs. The fly line under pesticide selective pressure, 91-R, had a higher number of 
novel alleles that had gone to fixation as compared to the DDT susceptible 91-C fly line. Conversely, the 
91-C fly line had a higher number of alleles that had gone to fixation which where not novel (Figure 2.1). 
These identical patterns of allele fixation were observed across all of the individual chromosomes, except 
for the fourth chromosome (Figure 2.2). Further SNP/DIP analysis for those mutations from only the 91-R 
line identified 138 genes across a range of molecular/biological functions that could be potential candidate 
DDT resistance genes (Figure 3.1-3.3). When looking at the percentage of genes containing mutations on 
each Drosophila chromosome arm for only the 91-R fly line, there were higher percentages found on the 
right arm of the second chromosome and the fourth chromosome, followed by the left arm of the second 
chromosome. 
Moderate to high level DDT resistance is thought to be polygenic with multiple chromosomes 
contributing to this phenotype. A number of articles identified the second chromosome, and even specific 
loci on this chromosome (Shepanski et al., 1977; Dapkus, 1992) to be involved in DDT resistance. 
Chromosomes one and three are thought to have some slight impact on the DDT resistance phenotype 
(Shepanski et al., 1977; Dapkus & Merrell, 1977). An examination of the results for this WGS analysis 
appears to follow these early chromosomal studies on DDT resistance, at least based on the locations of 
the genes with mutations. The majority of the genes with 91-R only SNPs/DIPs were positioned on the 
second chromosome, with some additional genes on the remaining three chromosomes (Table 2). This was 
further confirmed by normalizing the number of genes with mutations with the total number of genes per 
Drosophila chromosome arm to calculate overall percentages of change (Table 3). 
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One of the most studied DDT-resistance locus in Drosophila is known as Rst(2)DDT, which maps to 
the second chromosome between the genes cinnabar (cn) and vestigial (vg) (Brandt et al., 2002; Daborn et 
al., 2001; Hällström, 1985; Hällström & Blanck, 1985). An examination of those genes containing SNPs and 
DIPs found in only the 91-R line located between cn and vg on the second chromosome revealed twelve 
genes. The molecular/biological function of these twelve genes include three with nervous system related 
activities (CG1698, CG1688, and dila), two with enzyme/enzymatic activity (Rs1, CG1773, and CG8520), 
one cuticular-associated gene (Cpr47Eb), and five with unknown functions (CG30373, CG10459, sprt, 
CG30486, and CG17574). While the three nervous system and one cuticular genes are of particular 
interest due to previous implication of insecticide resistance related to these two functions, all of these 
genes merit further examination given their location within the Rst(2)DDT locus. As previous work has 
implicated one or two P450s (over-expression of CYP6G1 or CYP12D1 or both) as being part of the 
Rst(2)DDT locus (loci), our findings open up the possibility that there may be more to the Rst(2)DDT locus 
(loci) than previously predicted. 
Many of the initial publications on DDT resistance in Drosophila supported the hypothesis that 
resistance is polygenic (King, 1954; Crow, 1954; Dapkus & Merrell, 1977). By the early 1990s an increasing 
amount of literature focused around the Rst(2)DDT locus (Walters et al., 1992; Dapkus, 1992; Delpuech et 
al., 1993; Maitra, et al., 1996; Brun et al., 1996) and by the early 2000s Daborn et al. (2002) claimed the 
over-transcription of the cytochrome P450 CYP6G1 (located within the Rst(2)DDT region) was both 
necessary and sufficient for DDT resistance. Daborn et al. (2002) essentially proposed that resistance to 
DDT was monogenic, at least in Drosophila strains with low-level DDT resistance. Using microarrays, 
Pedra et al. (2004) observed that numerous genes were over-transcribed in the 91-R strain and Kuruhganti 
et al. (2007) observed that DDT resistance could be maintained in strains that did not over-transcribe 
CYP6G1. However, DDT resistance is not a single phenotype, as it varies from low-level resistance (e.g. 
Hikone-R) to moderate (e.g., Wisconsin) to high levels (e.g., 91-R) of resistance (Festucci-Buselli et al., 
2005). Moderate to high levels of DDT resistance appears to be based on multiple resistance mechanisms. 
In the case of Wisconsin and 91-R, based on microarray analysis, this also includes differential expression 
of multiple genes, with more genes being differentially expressed in the more highly resistant strain than the 
moderately resistant strain (Pedra et al., 2004; Qiu et al., unpublished). A proteomic analysis of these 
strains revealed additional energy metabolism associated proteins that were differentially expressed in 
these two strains, as compared with a pesticide susceptible control (Pedra et al., 2005). These combined 
observations suggest that at least moderate to high levels of DDT resistance involves many complex 
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molecular interactions – i.e., resistance is polygenic. These results also suggest that increasing levels of 
resistance may be associated with an increasing number of loci involved in the overall phenotype. My 
results are very much in keeping with the concept that high level DDT resistance may be associated with 
multiple loci. 
Additionally, it should be recognized that the observed selection for any given trait or traits may have 
occurred solely due to their positioning on the individual chromosome near the traits that actually confer 
resistance through the process of genetic hitch-hiking. First described by Kojima and Schaffer in 1967, the 
term hitch-hiking was further defined by Maynard Smith and Haigh (1974) to refer to those genes located 
within a close enough proximity to a favorable gene that when recombination occurs, the nearby genes 
increase in frequency solely based on genetic proximity. Identifying regions of hitch-hiking can help identify 
regions of selection across a genome, as was applied to populations of Drosophila from different regions of 
the world, thus serving as a potential tool for determining potentially useful ecological mutations (Harr et al., 
2002). Overall, it is important to note that some observed changes associated with the resistant 91-R strain 
may simply have been genetically linked with resistance traits through genetic hitch-hiking and co-selected 
during the selection process instead of being directly related to the overall resistant phenotype of the 91-R 
fly line.  
My WGS analysis suggests that selection for resistance, at least in the case of 91-C and 91-R, may 
also result in a differential type of mutations going to fixation in the genome – with mainly novel mutations 
being associated with intense pesticide selection over numerous generations. The current work adds one 
more critical aspect to our understanding of the molecular changes that have occurred under DDT selection 
as previous work respectively defined genome-wide and partially proteome-wide differential expression of 
transcripts and proteins (Pedra et al., 2004; Pedra et al., 2005). With a total number of resistant SNPs/DIPs 
of 710, and 565 of these being novel mutations, spanning across all four chromosomes, it highlights that 
selection with DDT may result, on average, with the selection for novel mutations, potentially with some or 
many of these being associated with or directly involved in DDT resistance (Figure 2). It will be important to 
do follow-up analyses on the individual genes to verify the mutations, thus confirming their structural 
changes and potential impact on the resistance phenotype of 91-R. Further molecular examination of 
individual genes and a more detailed analysis of the specific effects of the structural changes within the 
insects are crucial to better understanding resistance, something beyond the scope of the current project. 
In contrast to previous “omics” scale analyses of DDT resistant Drosophila strains, the current work 
focuses on the structural changes within ORFs in the Drosophila genome that can potentially play a role in 
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insecticide resistance, instead of examining expression levels of transcripts or proteins (Tables 4). A search 
of current and past literature was completed to survey previously known/hypothesized DDT resistance 
genes identified from Drosophila, encompassing both differentially expressed genes and genes containing 
structural changes. The literature, to date, as focused on differential expression or over-expression of 
genes when Drosophila strains were exposed to DDT revealed a set of cytochrome P450s, a set of 
Glutahione S Transferases, and a set additional genes, three of which were still significant with a 
Bonferonni correction (Table 4). The P450 gene CYP6G1 was recognized by all nine references as playing 
a role in resistance, with five references specifically indicating that it is thought to confer resistance. In 
addition to CYP6G1, Festucci-Buselli et al. (2005) identified CYP12D1 as conferring resistance to DDT. 
The only gene identified in the literature search that overlapped with this study was Nina C, a gene with 
kinase activity and related to sensory transduction/vision, which was shown by Pedra et al. (2005) to be 
overexpressed in DDT resistant strains and shown in this study to contain structural changes. Literature 
examining structural changes revealed two genes, CYP6A2 and para, to contain mutations within their 
coding sequence (Table 5). Interestingly, there was almost no overlap between the genes with observed 
SNPs/DIPs and the genes that have been previously associated with DDT resistance in pesticide resistant 
Drosophila populations. Thus, the current analysis approach has the potential to elucidate whole new 
groups of genes that may also be involved in resistance. 
As DDT resistance is prevalent across a number of important pests that impact humans, both medical 
disease vectors and agricultural pests, and as DDT continues to be used in a number of countries around 
the world, studying the mechanisms of DDT resistance has a significant importance beyond solely resistant 
Drosophila strains in the laboratory (Chiu et al., 2008; van den Berg, 2009). A summary of the current 
global status of DDT indicates that in 2005 about 5,000 metric tons of the chemical was used for control of 
vectors that transmit diseases, mainly malaria (van den Berg, 2009). The use of DDT, both in agricultural 
spraying and in indoor spraying, led to the development of resistance, or indicators of potential resistance, 
in a number of mosquito species that transmit malaria, such as A. gambiae s.s., A. gambiae s.l., Anopheles 
arabiensis, and Aedes aegypti (van den Berg, 2009; Polson et al., 2011). A better understanding of the 
DTT resistance mechanisms in regards to structural changes within Drosophila could help provide 
additional direction to determine previously undiscovered or unexamined mechanisms of resistance in other 
important insect species. 
The WGS of the 91-C and 91-R fly lines provides an example of a method to identify potential structural 
resistance genes that could be applied to other types of pesticide resistance and other species with 
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pesticide resistant strains. Certainly, my current data and analysis could be of potential importance to those 
insecticides where DDT resistance has been shown to confer cross-resistance to other types of 
insecticides, such as imidacloprid in Drosophila and pyrethroids in A. aegypti (Daborn et al., 2001; 
Brengues et al., 2003). However, of greater practical importance, this general WGS and genomic structural 
change analysis approach could be applied to these other insect species currently being controlled by other 
pesticides, in other to understand the evolution of resistance in “real time” (i.e. follow field populations 
through generations of selection). As the number of other insect genomes have been sequenced since the 
Drosophila genome was published in 2000, it has allowed for the study of insecticide resistance at the 
molecular level for a variety of species, such as in Anopheles gambiae (Adams et al., 2000, Holt et al., 
2002). Although the 91-C and 91-R fly lines provide a unique system where selection has occurred for over 
half a century, there exist multiple Aedes aegypti laboratory strains, including strains selected for 
insecticide resistance to permethrin, where similar studies could be performed to identify structural 
mutations across the genome (Deus et al., 2012). The discoveries of novel resistance mechanisms from 
such studies could help lead to new target genes and the development on novel control methods for these 
resistant species (Weill et al., 2003; Stevenson, et al., 2012). 
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TABLES 
 
 
 
 
 
* Drosophila melanogaster genome release 5.36 from flybase.org. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Summary of the mapping of reads to the reference Drosophila melanogaster genome* and 
calling of SNPs/DIPs causing animo acid changes. 
 91-C Fly line 91-R Fly line 
Total number of Illumina reads 139,299,388 148,106,954 
Number of mapped reads 104,420,681 107,365,941 
Average coverage 31.8X 31.0X 
Number of SNPs/DIPs causing amino acid changes 779 710 
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Table 2. Number of genes with one or more SNP(s) and DIP(s) (causing an amino acid change) located within the open reading frame for the 
91-R and 91-C fly lines. 
Chromosome 
Arm 
91-R Only 91-R & 91-C 91-C Only 
Total Number of 
SNPs & DIPs 
Number of Genes 
with SNPs & DIPs 
Total Number of 
SNPs & DIPs 
Number of Genes 
with SNPs & DIPs 
Total Number of 
SNPs & DIPs 
Number of Genes 
with SNPs & DIPs 
2L 136 42 327 59 130 51 
2R 198 78 278 51 161 75 
3L 6 1 0 0 25 4 
3R 23 4 39 6 43 23 
4 3 2 0 0 0 0 
X 37 11 52 11 46 18 
U 2 0 0 0 0 0 
Totals 405 138 696 127 405 171 
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Table 3. Comparison of the total number of genes on each chromosome arm and the number of 
genes with SNPs/DIPs† (causing an amino acid change) located within the open reading frame for 
the 91-R and 91-C fly lines. 
Chromosome Arm Number of Genes* 91-R Only 91-R & 91-C 91-C 
2L + 2Lhet 2939 1.4% 2.0% 1.7% 
2R + 2Rhet 3238 2.4% 1.6% 2.3% 
3L + 3Lhet 2950 0.0003% 0% 0.14% 
3R + 3Rhet 3702 0.12% 0.16% 0.62% 
4 90 2.2% 0% 0% 
X 2381 0.46% 0.46% 0.76% 
* Retrieved from Flybase.org (FlyBase Release FB2012_02, D. melanogaster annotation Rel_5.44). 
† Refer to Table 3 for these values. 
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Table 4. Differential expression or over-expression of genes when Drosophila strains are exposed to DDT (often comparisons between 
resistant and susceptible Drosophila strains). 
 Gene Detoxification Enzyme Categories   
Cytochrome P450s Glutathione S Transferases Esterases Other Citation 
CYP12D1, CYP6G1, CYP6A2 GSTE8, GSTE3, GSTD2, GSTD1, 
CG6781, GSTE9, GSTE6, GSTE5, 
GSTE1, CG1702, CG16936, 
GSTE3, GSTD2, CG1681, GSTE9, 
GSTE5, GSTD4 
  Sun et al., 2011 
CYP6G1*, CYP12D1    Daborn et al., 2007 
CYP6G1*, CYP12D1*    Festucci-Buselli et al., 
2005 
CYP6A2, CYP12D1    Dbi, Uhg1, CG11176 Pedra et al., 2004 
Genes that cut past Bonferonni correction, as described in Pedra et al., 2004. 
CYP6A2, CYP12D1, CYP6A17, 
CYP6A8, CYP12D1, CYP6W1, 
CYP6G1, CYP6A14, CYP9C1, 
CYP4P1, CYP6A23 
CG17530, CG17522, CG1681, 
Gst3-1, CG6673 
 Ugt86Dh, Ugt86Dd, Ugt35b, CG541, Pdh, 
CG30019, CG3301, CG12224, CG8888, 
CG9360, CG3603, CG3842, CG15531, 
CG9747, CG15093, InaF, CG17142, Cpn, 
CG2185, Ca-!1D, Mys, CG16727, Rya-r44F, 
CG8932, CG15407, CG9362, CG5568, 
CG5397, CG17192, CG9510, Yip2, CG10737, 
Ext2, Dbi, CG14715, CG9892, Arr1 Arr2, Dia, 
Ank2, Map205, Sox100B, Cf2, NFAT, Odd, 
Nut2, CG3091, Lectin-galC1, CG11211, Rh4, 
Rh3, Glob1, Nina E, Nina C, CG10355, 
CG7409. CG10467, CG8505, CG1304, 
CG10477, CG11034, CG9897, Ser12, 
BG:BACR44L 22, EG:100G10.4, InaC, 
Ggamma30A, Gbeta76C, Sr-Cl, Or92a, LysD, 
LysB, LysC, LysE, LysP, l(2)06225, InaD, Qm, 
Pi3K59F 
Genes that cut past P<0.01, as described in Pedra et al., 2004. 
CYP6G1, CYP6A8, 
CYP12D1/CYP12D2  
   Le Goff et al., 2003 
CYP6G1*, CYP12D1     Brandt et al., 2002 
CYP6G1*    Daborn et al., 2002 
CYP6G1*    Daborn et al., 2001 
* indicates that gene is thought to confer DDT resistance (as indicated specifically by the cited article) 
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Table 5. Structural changes of genes when Drosophila melanogaster strains are exposed to DDT. 
Gene Category Gene Name Structural Change Description Citation 
Cytochrome P450 CYP6A2 3 Point Mutations (R335S, L336V, V476L) Amichot et al., 2004 
Voltage-gated sodium channel para Mutation within intracellular loop between S4 and S5 
(homology domains I and II).  
Mutation within pore region (homology domain III). 
Mutation within S6 (homology domain III). 
Mutations first isolated by temperature sensitive 
bioassay and then subsequently assessed for DDT 
resistance. 
Pittendrigh et al., 1997 
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FIGURES 
 
 
 
 
 
Figure 1. Visual timeline displaying important dates related to DDT, DDT resistance, and Drosophila. 
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Figure 2.1 A comparison of allele fixation for the Drosophila melanogaster (Drosophila) fly lines 91-R and 91-C, in 
their respective populations, in relation to novel and previously known mutations. The figure represents only those 
mutations observed in the 91-R and 91-C genomes that caused amino acid structural changes in open reading frames 
(ORFs) resulting from a single nucleotide polymorphisms (SNPs) or deletion/insertion polymorphisms (DIP). A 
graphical representation of allele fixation for both 91-R and 91-C across the entire Drosophila genome from each of 
the two respective populations.  
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Figure 2.2. A comparison of allele fixation for the Drosophila melanogaster (Drosophila) fly lines 91-R and 91-C, in 
their respective populations, in relation to novel and previously known mutations. The figure represents only those 
mutations observed in the 91-R and 91-C genomes that caused amino acid structural changes in open reading frames 
(ORFs) resulting from a single nucleotide polymorphisms (SNPs) or deletion/insertion polymorphisms (DIP). Observed 
allele fixation events separated into the individual Drosophila chromosomes (4 and X) or by chromosomal arms (2R, 
2L, 3R, and 3L). 
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Figure 3.1. Drosophila melanogaster (Drosophila) chromosomes containing the cytogenetic map locations 
of those genes identified as containing one or more single nucleotide polymorphisms (SNPs) or 
deletion/insertion polymorphisms (DIPs) that caused an amino acid changes in open reading frames 
(ORFs) in the 91-R strain only. Genes are labeled by their corresponding symbols, as provided on 
flybase.org, and color-coded according to their known or predicted molecular/biological function (from 
uniprot.org or other literature sources). Where applicable, other molecular/biological functions for these 
genes are given in Appendix A.1, along with additional literature sources. The categories given are: (1) 
nervous system, (2) external sensory perception, (3) cuticular, (4) egg/reproduction, (5) mitochondrial, (6) 
growth/development, (7) metal ion binding, (8) enzyme/enzymatic activity, (9) other, and (10) unknown. The 
chromosome is represented by the grey bar and the cytogenetic map reference locations are given for the 
left arm of the second chromosome: 2L (21-40). Genes containing mutations identified on the left arm of the 
second chromosome (2L). 
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Figure 3.2 Drosophila melanogaster (Drosophila) chromosomes containing the cytogenetic map locations 
of those genes identified as containing one or more single nucleotide polymorphisms (SNPs) or 
deletion/insertion polymorphisms (DIPs) that caused an amino acid changes in open reading frames 
(ORFs) in the 91-R strain only. Genes are labeled by their corresponding symbols, as provided on 
flybase.org, and color-coded according to their known or predicted molecular/biological function (from 
uniprot.org or other literature sources). Where applicable, other molecular/biological functions for these 
genes are given in Appendix A.1, along with additional literature sources. The categories given are: (1) 
nervous system, (2) external sensory perception, (3) cuticular, (4) egg/reproduction, (5) mitochondrial, (6) 
growth/development, (7) metal ion binding, (8) enzyme/enzymatic activity, (9) other, and (10) unknown. The 
chromosome is represented by the grey bar and the cytogenetic map reference locations are given for the 
right arm of the second chromosome: 2R (41-60). Genes containing mutations identified on right arm of the 
second chromosome (2R). 
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Figure 3.3 Drosophila melanogaster (Drosophila) chromosomes containing the cytogenetic map locations 
of those genes identified as containing one or more single nucleotide polymorphisms (SNPs) or 
deletion/insertion polymorphisms (DIPs) that caused an amino acid changes in open reading frames 
(ORFs) in the 91-R strain only. Genes are labeled by their corresponding symbols, as provided on 
flybase.org, and color-coded according to their known or predicted molecular/biological function (from 
uniprot.org or other literature sources). Where applicable, other molecular/biological functions for these 
genes are given in Appendix A.1, along with additional literature sources. The categories given are: (1) 
nervous system, (2) external sensory perception, (3) cuticular, (4) egg/reproduction, (5) mitochondrial, (6) 
growth/development, (7) metal ion binding, (8) enzyme/enzymatic activity, (9) other, and (10) unknown. The 
chromosomes are represented by the grey bars and the cytogenetic map reference locations are given for 
each of the chromosomes: X (1-20), 3L (61-80), 3R (81-100), and 4 (101-102). Genes containing mutations 
identified on the fourth chromosome (4), on the left arm of the third chromosome (3L), on the right arm of 
the third chromosome (3R), and on the X chromosome. 
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Figure 4.1. Drosophila melanogaster (Drosophila) chromosomes containing the cytogenetic map locations 
of those genes identified as containing one or more single nucleotide polymorphisms (SNPs) or 
deletion/insertion polymorphisms (DIPs) strain that caused an amino acid change in the 91-C. Genes are 
labeled by their corresponding symbols, as provided on flybase.org, and color-coded according to their 
known or predicted molecular/biological function (from uniprot.org or other literature sources). Where 
applicable, other molecular/biological functions for these genes are given in Appendix A.2, along with 
additional literature sources. The categories given are: (1) nervous system, (2) external sensory perception, 
(3) cuticular, (4) egg/reproduction, (5) mitochondrial, (6) growth/development, (7) metal ion binding, (8) 
enzyme/enzymatic activity, (9) other, and (10) unknown. The chromosome is represented by the grey bar 
and the cytogenetic map reference locations are given for the left arm of the second chromosome: 2L (21-
40). Genes containing mutations identified on the left arm of the second chromosome (2L).   
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Figure 4.2. Drosophila melanogaster (Drosophila) chromosomes containing the cytogenetic map locations 
of those genes identified as containing one or more single nucleotide polymorphisms (SNPs) or 
deletion/insertion polymorphisms (DIPs) strain that caused an amino acid change in the 91-C. Genes are 
labeled by their corresponding symbols, as provided on flybase.org, and color-coded according to their 
known or predicted molecular/biological function (from uniprot.org or other literature sources). Where 
applicable, other molecular/biological functions for these genes are given in Appendix A.2, along with 
additional literature sources. The categories given are: (1) nervous system, (2) external sensory perception, 
(3) cuticular, (4) egg/reproduction, (5) mitochondrial, (6) growth/development, (7) metal ion binding, (8) 
enzyme/enzymatic activity, (9) other, and (10) unknown. The chromosome is represented by the grey bar 
and the cytogenetic map reference locations are given for the right arm of the second chromosome: 2R 
(41-60). Genes containing mutations identified on the right arm of the second chromosome (2R).   
 
 
  28 
 
Figure 4.3. Drosophila melanogaster (Drosophila) chromosomes containing the cytogenetic map locations 
of those genes identified as containing one or more single nucleotide polymorphisms (SNPs) or 
deletion/insertion polymorphisms (DIPs) strain that caused an amino acid change in the 91-C. Genes are 
labeled by their corresponding symbols, as provided on flybase.org, and color-coded according to their 
known or predicted molecular/biological function (from uniprot.org or other literature sources). Where 
applicable, other molecular/biological functions for these genes are given in Appendix A.2, along with 
additional literature sources. The categories given are: (1) nervous system, (2) external sensory perception, 
(3) cuticular, (4) egg/reproduction, (5) mitochondrial, (6) growth/development, (7) metal ion binding, (8) 
enzyme/enzymatic activity, (9) other, and (10) unknown. The chromosomes are represented by the grey 
bars and the cytogenetic map reference locations are given for each of the chromosomes: X (1-20), 3L (61-
80), 3R (81-100), and 4 (101-102). Genes containing mutations identified on the fourth chromosome (4), on 
the left arm of the third chromosome (3L), on the right arm of the third chromosome (3R), and on the X 
chromosome. 
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Figure 5.1. Drosophila melanogaster (Drosophila) chromosomes containing the cytogenetic map locations 
of those genes identified as containing one or more single nucleotide polymorphisms (SNPs) or 
deletion/insertion polymorphisms (DIPs) strain that caused an amino acid change in both the 91-R and 91-
C strains. Genes are labeled by their corresponding symbols, as provided on flybase.org, and color-coded 
according to their known or predicted molecular/biological function (from uniprot.org or other literature 
sources). Where applicable, other molecular/biological functions for these genes are given in Appendix A.3, 
along with additional literature sources. The categories given are: (1) nervous system, (2) external sensory 
perception, (3) cuticular, (4) egg/reproduction, (5) mitochondrial, (6) growth/development, (7) metal ion 
binding, (8) enzyme/enzymatic activity, (9) other, and (10) unknown. The chromosome is represented by 
the grey bar and the cytogenetic map reference locations are given for the left arm of the second 
chromosome: 2L (21-40). Genes containing mutations identified on the left arm of the second chromosome 
(2L).   
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Figure 5.2. Drosophila melanogaster (Drosophila) chromosomes containing the cytogenetic map locations 
of those genes identified as containing one or more single nucleotide polymorphisms (SNPs) or 
deletion/insertion polymorphisms (DIPs) strain that caused an amino acid change in both the 91-R and 91-
C strains. Genes are labeled by their corresponding symbols, as provided on flybase.org, and color-coded 
according to their known or predicted molecular/biological function (from uniprot.org or other literature 
sources). Where applicable, other molecular/biological functions for these genes are given in Appendix A.3, 
along with additional literature sources. The categories given are: (1) nervous system, (2) external sensory 
perception, (3) cuticular, (4) egg/reproduction, (5) mitochondrial, (6) growth/development, (7) metal ion 
binding, (8) enzyme/enzymatic activity, (9) other, and (10) unknown. The chromosome is represented by 
the grey bar and the cytogenetic map reference locations are given for the right arm of the second 
chromosome: 2R (41-60). Genes containing mutations identified on the right arm of the second 
chromosome (2R).   
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Figure 5.3. Drosophila melanogaster (Drosophila) chromosomes containing the cytogenetic map locations 
of those genes identified as containing one or more single nucleotide polymorphisms (SNPs) or 
deletion/insertion polymorphisms (DIPs) strain that caused an amino acid change in both the 91-R and 91-
C strains. Genes are labeled by their corresponding symbols, as provided on flybase.org, and color-coded 
according to their known or predicted molecular/biological function (from uniprot.org or other literature 
sources). Where applicable, other molecular/biological functions for these genes are given in Appendix A.3, 
along with additional literature sources. The categories given are: (1) nervous system, (2) external sensory 
perception, (3) cuticular, (4) egg/reproduction, (5) mitochondrial, (6) growth/development, (7) metal ion 
binding, (8) enzyme/enzymatic activity, (9) other, and (10) unknown. The chromosomes are represented by 
the grey bars and the cytogenetic map reference locations are given for each of the chromosomes: X (1-
20), 3L (61-80), 3R (81-100), and 4 (101-102). Genes containing mutations identified on the fourth 
chromosome (4), on the left arm of the third chromosome (3L), on the right arm of the third chromosome 
(3R), and on the X chromosome. 
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Appendix A 
 
Appendix A.1. Molecular and biological functions, obtained from uniprot.org and literature searches, for those genes containing SNPs/DIPs from only the 91-R fly line. Gene symbol, gene name, and annotation symbol from 
flybase.org. The color-coding system is as follows: Nervous system = blue, External sensory perception = pink, Cuticular = brown, Egg/Reproduction = orange, Mitochondrial = green, Growth/Development = purple, Metal 
ion binding = teal, Enzyme/Enzymatic activity = red, Other = white, Unknown = gray. Additional reference information can be seen in Appendix C. 
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CG42329  CG42329 2L Acyltransferase Transferase ---   
CG5556  CG5556 2L Hydrolase Activity ---   
CG9870  CG9870 2L Acyltransferase Transferase ---   
CG3557  CG3557 2L --- ---   
CG18641  CG18641 2L Hydrolase Activity ---   
CG3542  CG3542 2L --- Nuclear mRNA splicing, via 
spliceosome 
  
gkt glaikit CG8825 2L Exonuclease, Hydrolase, Nuclease DNA damage, DNA repair expressed in embryonic central nervous 
system 
Dunlop et al., 2000 
E23 Early gene at 23 CG3327 2L ATP binding, ATPase Activity Regulation of circadian rhythm critical regulatory roles during 
metamorphosis 
Hock et al., 2000 
Msp-300 Muscle-specific protein 
300 
CG42768 2L --- --- anchors nuclei to actin Xie & Fischer, 2008 
Wnt10 Wnt10 CG4971 2L Developmental protein Wnt signaling pathway   
ninaC neither inactivation nor 
afterpotential C 
CG5125 2L Kinase, Motor protein, Myosin, 
Serine/threonine-protein kinase, 
Transferase 
Sensory transduction, Vision   
CG13791  CG13791 2L  Inter-male aggressive behavior   
fy fuzzy CG13396 2L  Establishment of imaginal disc-
derived wing hair orientation; 
Establishment or maintance of cell 
polarity 
  
CG9525  CG9525 2L --- ---   
CG32985  CG32985 2L Catalytic activity ---   
  41 
chico chico CG5686 2L SH2 domain binding; insulin receptor 
binding; insulin-like growth factor 
receptor binding; phosphatidylinositol 
3-kinase binding 
Cell morphogenesis; determination of 
adult lifespan; germ-line stem-cell 
niche homeostasis; growth of 
germarium-derived egg chamber; 
insulin receptor signaling pathway; 
Male germ-line stem cell division; 
Primary spermatocyte growth; 
Vitellogenesis 
  
CG42818  CG42818 2L --- ---   
CG5888  CG5888 2L --- --- putative secreted or transmembrane 
protein 
Zúñiga et al., 2009 
CG31812  CG31812 2L Nucleic acid binding; tRNA-intron 
endonuclease activity 
tRNA splicing, via endonucleolytic 
cleavage and ligation 
  
CadN2 Cadherin-N2 CG42829 2L Calcium ion binding Integral to membrane; Plasma 
membrane 
** axon extension involved in axon 
guidance 
Prakash et al., 2005 
CG42830  CG42830 2L --- ---   
CG7200  CG7200 2L --- ---   
CG7180  CG7180 2L Protein tyrosine phosphatase activity ---   
CG42750  CG42750 2L Dipeptidase activity; Dipeptidyl-
peptidase activity; 
metalloexopeptidase activity 
Proteolysis   
CG5790  CG5790 2L ATP binding; Receptor signaling 
protein serine/threonine kinase activity 
Phagocytosis, engulfment; Regulation 
of cell shape 
  
CG43353  CG43353 2L --- ---   
CG43354  CG43354 2L --- ---   
Mst36Fa Male-specific transcript 
36Fa 
CG31801 2L --- Spermatogenesis   
tos tosca CG10387 2L DNA binding; double-stranded DNA 
specific 5'-3' exodeoxyribonuclease 
activity; Flap endonuclease activity; 
Metal ion binding; Single-stranded 
DNA specific 5'-3' 
exodeoxyribonuclease activity 
DNA recombination; mismatch repair   
CG31751  CG31751 2L Transferase activity; transferring 
phosphorus-containing groups 
---   
msl-1 male-specific lethal 1 CG10385 2L DNA binding; chromatin binding; 
protein binding 
Dosage compensation complex 
assembly involved in dosage 
compensation by hyperactivation of x 
chromosome 
  
Jwa Jwa ortholog CG10373 2L Ion channel activity Response to ethanol Required for acquiring ethanol tolerance Li et al., 2008 
CG17568  CG17568 2L Nucleic acid binding; Zinc ion binding ---   
TepIV Thiolester containing 
protein IV 
CG10363 2L Endopeptidase inhibitor activity ---   
CG34051  CG34051 2L --- ---   
CG13965  CG13965 2L --- ---   
CG16772  CG16772 2L --- ---   
  42 
Nhe2 Na+/H+ hydrogen 
exchanger 2 
CG9256 2L Sodium:hydrogen antiporter activity Regulation of pH   
CG8671  CG8671 2L --- dsRNA transport   
dtr defective transmitter 
release 
CG31623 2L Dynein binding Cilium morphogenesis; Synaptic 
transmission 
  
Gr39b Gustatory receptor 39b CG31620 2L Taste receptor activity ---   
Ef2b Elongation factor 2b CG2238 2L GTP binding; GTPase activity; 
Translation elongation factor activity 
Mitotic spindle elongation   
CG7845  CG7845 2R --- ---   
Ars2  CG7843 2R Protein binding Conversion of ds siRNA to ss siRNA 
involved in RNA interference; 
Negative regulation of viral genome 
replication; nuclear mRNA splicing, 
via spliceosome; Primary miRNA 
processing 
  
Tsp42Ee Tetraspanin 42Ee CG10106 2R --- ---   
Or43a Odorant receptor 43a CG1854 2R --- --- odorant binding; olfactory receptor 
activity 
Stortkuhl & Kettler, 
2001 
Dscam Down syndrome cell 
adhesion molecule 
CG17800 2R Axon guidance receptor activity; 
Bacterial cell surface binding; Protein 
homodimerization activity 
Axon extension involved in axon 
guidance; Axonal fasciculation; 
Central nervous system 
morphogenesis; Dendrite self-
avoidance; Mushroom body 
development; Peripheral nervous 
system development; Phagocytosis 
  
sPLA2 secretory Phospholipase 
A2 
CG11124 2R Calcium ion binding; Calcium-
dependent phospholipase A2 activity 
Lipid catabolic process; Phospholipid 
metabolic process 
  
Vps13 Vacuolar protein sorting 
13 
CG2093 2R --- Protein localization   
CG1946  CG1946 2R Transferase activity; Transferring acyl 
groups other than amino-acyl groups 
---   
CG30373  CG30373 2R --- ---   
Rs1 Rs1 CG2173 2R ATP binding; ATP-dependent helicase 
activity; Nucleic acid binding; 
Nucleotidyltransferase 
Ribosome biogenesis   
CG1773  CG1773 2R Serine-type endopeptidase activity Proteolysis   
CG10459  CG10459 2R --- ---   
CG1698  CG1698 2R Neurotransmitter:sodium symporter 
activity 
---   
CG1688  CG1688 2R Potassium channel activity ---   
dila dilatory CG1625 2R --- --- sensory neuron cilia Ma & Jarman, 2011 
Cpr47Eb Cuticular protein 47Eb CG13224 2R Structural constituent of cuticle ---   
sprt sprite CG30023 2R --- ---   
CG8520  CG8520 2R ATP binding; ATPase activity ---   
CG30486  CG30486 2R --- ---   
CG17574  CG17574 2R --- ---   
CG4712  CG4712 2R --- ---   
  43 
CG4716  CG4716 2R Methylenetetrahydrofolate 
dehydrogenase (NAD+) activity 
---   
CG17050  CG17050 2R --- ---   
Tfb1 Tfb1 CG8151 2R  DNA repair; Regulation of 
transcription, DNA-dependent; 
Transcription, DNA-dependent 
  
CG34184  CG34184 2R --- ---   
Obp50c Odorant-binding protein 
50c 
CG30072 2R --- --- Odorant binding Zhou et al., 2004 
Obp50b Odorant-binding protein 
50b 
CG30073 2R --- --- Odorant binding Zhou et al., 2004 
Obp50e Odorant-binding protein 
50e 
CG13939 2R --- --- Odorant binding Zhou et al., 2004 
Sfp51E Seminal fluid protein 51E CG42476 2R --- --- Potential seminal fluid gene Findlay et al., 2008 
CG11807  CG11807 2R Phosphatidylinositol binding Cell communication   
CG42391  CG42391 2R --- ---   
CG12963  CG12963 2R --- ---   
clu clueless CG8443 2R Binding Mitochondrion localization   
krimp krimper CG15707 2R Nucleic acid binding; Zinc ion binding Karyosome formation; Negative 
regulation of oskar mRNA translation; 
Oocyte dorsal/ventral axis 
specification 
  
CG15708  CG15708 2R DNA binding ---   
Menl-1 Malic enzyme like-1 CG7964 2R NAD binding; Malate dehydrogenase 
(oxaloacetate-decarboxylating) activity; 
Metal ion binding 
Malate metabolic process   
Menl-2 Malic enzyme like-2 CG7969 2R NAD binding; Malate dehydrogenase 
(oxaloacetate-decarboxylating) activity; 
Metal ion binding 
Malate metabolic process   
CG33960  CG33960 2R --- ---   
CG34190  CG34190 2R --- ---   
mute muscle wasted CG34415 2R --- Muscle cell homeostasis; Regulation 
of transcription, DNA dependent 
  
CG30461  CG30461 2R --- ---   
ste24c ste24c prenyl protease 
type I 
CG9002 2R Metalloendopeptidase activity Proteolysis   
ste24b ste24b prenyl protease 
type I 
CG9001 2R Metalloendopeptidase activity Proteolysis   
CG6796  CG6796 2R ATP binding; Asparagine-tRNA ligase 
activity; Aspartate-tRNA ligase activity; 
Nucleic acid binding 
Asparaginyl-tRNA aminoacylation   
NiPp1 Nuclear inhibitor of Protein 
phosphatase 1 
CG8980 2R mRNA binding; Protein binding; 
Protein serine/threonine phosphatase 
inhibitor activity 
Axon guidance; Negative regulation 
of protein desphosphorylation 
  
CG6805  CG6805 2R Inositol trisphosphate phosphatase 
activity 
---   
CG15609  CG15609 2R --- ---   
  44 
Ark Apaf-1-related-killer CG6829 2R ATP binding; Caspase activator 
activity; Metal ion binding 
Activation of caspase activity by 
cytochrome c; Central nervous 
system formation; Dendrite 
morphogenesis; Induction of 
apoptosis; Positive regulation of 
compound eye retinal cell 
programmed cell death; Response to 
DNA damage stimulus; Salivary gland 
cell autophagic cell death; Sensory 
organ development; Sperm 
individualization 
  
CG9646  CG9646 2R --- ---   
HPS4 Hermansky-Pudlak 
Syndrome 4 ortholog 
CG4966 2R Thymidylate synthase (FAD) activity miRNA loading onto RISC involved in 
gene silencing by miRNA; Negative 
regulation of gene silencing by RNA; 
siRNA loading onto RISC involved in 
chromatin silencing by small RNA 
  
CG5757  CG5757 2R ATP binding; Thymidylate kinase 
activity 
dTDP biosynthetic process   
CG10924  CG10924 2R GTP binding; Phosphoenolpyruvate 
carboxykinase (GTP) activity 
Gluconeogenesis   
Atg7 Autophagy-specific gene 7 CG5489 2R Binding; Catalytic activity Determination of adult lifespan; Larval 
midgut cell programmed cell death; 
Macroautophagy; Regulation of 
autophagy; Regulation of defense 
response to virus 
requiered for stress resistance, longevity, 
and neuronal homeostasis 
Juhasz & Neufeld, 
2008 
Gint3 GDI interacting protein 3 CG5469 2R --- ---   
CG42306  CG42306 2R --- ---   
CG43070  CG43070 2R --- ---   
CG33454  CG33454 2R --- ---   
CG10081  CG10081 2R Peptidase activity Proteolysis   
CG42753  CG42753 2R --- ---   
Obp56d Odorant-binding protein 
56d 
CG11218 2R Odorant binding Olfactory behavior; Response to 
pheromone; Sensory perception of 
smell; Transport 
  
Obp56e Odorant-binding protein 
56e 
CG8462 2R Odorant binding ---   
CG16742  CG16742 2R --- ---   
CG15651  CG15651 2R --- ---   
dgt3 dim !-tubulin 3 CG3221 2R --- Mitotic spindle organization; 
Regulation of mitosis 
  
CG9346  CG9346 2R RNA binding; Nucleotide binding RNA processing   
CG3296  CG3295 2R --- ---   
CG15653  CG15653 2R --- ---   
Cht8 Cht8 CG9357 2R Cation binding; Chitin binding; 
Chitinase activity 
Chitin catabolic process   
  45 
Cht12 Cht12 CG30293 2R Cation binding; Chitin binding; 
Chitinase activity 
Chitin catabolic process   
Treh Trehalase CG9364 2R Alpha,alpha-trehalase activity Trehalose metabolic process   
CG4050  CG4050 2R Binding ---   
CG9406  CG9406 2R Calcium ion binding ---   
Xbp1 X box binding protein-1 CG9415 2R Protein dimerization activity; 
Sequence-specific DNA binding; 
Sequence-specific DNA binding 
transcription factor activity 
Bristle development; Endoplasmic 
reticulum unfolded protein response; 
Wing disc development 
  
CG9418  CG9418 2R DNA binding ---   
CG6758  CG6758 2R --- ---   
CG11170  CG11170 2R ATPase activity ---   
Liprin-! Liprin-! CG11206 2R Protein homodimerization activity Axon target recognition; Negative 
regulation of synaptic growth at 
neuromuscular junction 
  
ppk12 pickpocket 12 CG10972 2R Sodium channel activity ---   
pallidin pallidin CG14133 3L Protein binding --- ** Eye pigmentation Cheli et al., 2010 
f-cup flyers-cup CG9611 3R --- ---   
CG14850  CG14850 3R --- ---   
Cpr100A Cuticular protein 100A CG12045 3R Structural constituent of cuticle ---   
CG15545  CG15545 3R --- ---   
onecut onecut CG1922 4 Sequence-specific DNA binding; 
Sequence-specific DNA binding 
transcription factor activity 
--- nervous system; "may function as a 
neural-specific transcription factor to 
regulat certain aspects of neural 
differentation and possibly to play a role 
in the maintenance of the neuronal cell 
phenotype and function." 
Nguyen et al., 2000 
cals calsyntenin-1 CG11059 4 Calcium ion binding Homophilic cell adhesion Found in primary & secondary neurons Fung et al., 2008 
ase asense CG3258 X DNA binding Bristle morphogenesis; Cell 
differentiation; Central nervous 
system development; Peripheral 
nervous system development; 
Regulation of transcription, DNA-
dependent 
  
CG32816  CG32816 X --- ---   
Cyp4g1 Cytochrome P450-4g1 CG3972 X Electron carrier activity; Heme binding; 
Monooxygenase activity; 
Oxidoreductase activity, acting on 
paired donors, with incorporation or 
reduction of molecular oxygen 
Lipid metabolic process cuticular Strychartz et al., 
Submitted. 
CG33173  CG33173 X ATP binding; ATPase activity; Chitin 
binding 
Chitin metabolic process   
dpr18 dpr18 CG14948 X --- --- gustatory Nakamura et al., 2002 
CG9902  CG9902 X --- ---   
  46 
par-6 par-6 CG5884 X Protein binding Apical protein localization; 
Asymmetric neuroblast division; 
Border follicle cell migration; Cell 
adhesion; Establishment of 
neuroblast polarity; Establishment or 
maintenance of epithelial cell 
apical/basal polarity; Estalbishment or 
maintenance of polarity of embryonic 
epithelium; Morphogenesis of a 
polarized epithelium; Negative 
regulation of protein kinase activity; 
Oocyte axis specification; 
Phagocytosis, engulfment; Regulation 
of cell shape; Synapse assembly; 
Zonula adherens assembly 
  
CG34328  CG34328 X --- ---   
CG32549  CG32549 X 5'-nucleotidase activity; Metal ion 
binding 
---   
CG32507  CG32507 X --- ---   
shakB shaking B CG34358 X Gap junction channel activity; Ion 
channel activity; Photoreceptor activity 
Gap junction assembly; Jump 
response; Phototransduction 
  
  47 
Appendix A.2. Molecular and biological functions, obtained from uniprot.org and literature searches, for those genes containing SNPs/DIPs from only the 91-C fly line. Gene symbol, gene name, and annotation symbol from 
flybase.org. The color-coding system is as follows: Nervous system = blue, External sensory perception = pink, Cuticular = brown, Egg/Reproduction = orange, Mitochondrial = green, Growth/Development = purple, Metal ion 
binding = teal, Enzyme/Enzymatic activity = red, Other = white, Unknown = gray. Additional reference information can be seen in Appendix C. 
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I(1)1Bi lethal (1) 1Bi CG6189 X DNA binding; DNA-directed DNA 
polymerase activity 
transcription, DNA-dependent   
CG11403  CG11403 X ATP binding; ATP-dependent DNA 
helicase activity; DNA binding 
   
Ocri Oculocerebrorenal 
syndrome of Lowe 1 
ortholog 
CG3573 X inositol, 1,3,4,5-tetrakisphosphate 5 
phosphatase activity; inositol-1,4,5-
trisphosphate 5-phosphatase activity; 
inositol-polyphosphate 5-phosphatase 
activity 
contractile ring localization involved in cell 
cycle cytokinesis; endocytosis; regulation of 
cytokinesis, actomyosin contractile ring 
assembly; signal transduction 
  
mit(1)15 mitotic 15 CG9900 X  cell division; meiotic anaphase I; mitotic cell 
cycle spindle assembly checkpoint; mitotic 
sister chromatid segregation; regulation of 
meiosis 
  
CG2861  CG2861 X     
CG4593  CG4593 X     
CG32702  CG32702 X calcium ion binding    
Cht6 Cht6 CG43374 X cation binding; chitin binding; chitinase 
activity 
chitin catabolic process   
Myo10A unconventional myosin 
class XV 
CG2174 X ATP binding; motor activity; protein 
binding 
dorsal closure; filopodium assembly; 
intracellular protein transport 
  
CG16922  CG16922 X   protein binding; ATPase activity, 
coupled; ATP binding; motor activity 
Liu et al., 2008 
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hop hopscotch CG1594 X ATP binding; non-membrane spanning 
protein tyrosine kinase activity 
STAT protein import into nucleus; apical 
constriction; border follicle cell migration; 
cellular defense response; compound eye 
photoreceptor cell differentiation; cytokinesis; 
defense response to virus; encapsulation of 
foreign target; equator specification; eye-
antennal disc morphogenesis; germ-line 
stem cell division; hemocyte proliferation; 
hindgut morphogenesis; humoral immune 
response; imaginal disc-derived leg 
morphogenesis; imaginal disc-derived wing 
morphogenesis; llamellocyte differentiation; 
long-term memory; mediolaterial 
intercalcation; ommatidial rotation; oepn 
tracheal system development; ovarian follicle 
cell stalk formation; periodic partitioning; 
primary sex determination; regulation of JAK-
STAT cascade; regulation of embryonic cell 
shape; regulation of hemocyte differentiation; 
regulation of transcription, DNA-dependent; 
somatic stem cell division; stem cell 
maintenance; transcription, DNA-dependent; 
tyrosine phosphorylation of STAT protein 
  
CG17209  CG17209 X DNA binding; DNA-directed RNA 
polymerase activity; ribonucleoside 
binding; zinc ion binding 
   
f forked CG42864 X   bristle morphology; sensory perception 
of sound 
Cosetti et al., 2008 
CG12991  CG12991 X     
CG12992  CG12992 X     
CG14204  CG14204 X transferase activity, transferring acyl 
groups other than amino-acyl groups 
chaeta development; wing disc development   
CG1801  CG1801 X ATP binding; ATPase activity    
Pros45 Pros45 CG1489 X ATP binding; endopeptidase activity; 
nucleoside-triphosphatase activity 
Protein catabolic process; proteolysis; 
response to DNA damage stimulus 
  
CG15580  CG15580 3R     
"-Est6 "-Esterase-6 CG1108 3R Carboxylesterase activity; methyl indole-
3-acetate esterase activity; methyl 
jasmonate esterase activity; methyl 
salicylate esterase activity 
   
"-Est4a# "-Est4a# CR31511 3R     
CG42375  CG42375 3R     
CG9288  CG9288 3R  glycine catabolic process   
CG9286  CG9286 3R     
  49 
Dip-B Dipeptidase B CG9285 3R aminopeptidase activity; dipeptidyl-
peptidase activity; manganese ion 
binding; metalloexopeptidase activity; 
tripeptidyl-peptidase activity 
proteolysis   
CG15695  CG15695 3R catalytic activity    
grass Gram-positive Specific 
Serine Protease 
CG5896 3R serine-type endopeptidase activity defense response to Gram-positive 
bacterium; innate immune response; positive 
regulation fo Toll signaling pathway; 
proteolysis 
  
CG42558  CG42558 3R     
CG42557  CG42557 3R     
CG15537  CG15537 3R     
cindr CIN85 and CD2AP 
orthologue 
CG31012 3R actin filament organization; border 
follicle cell migration; compound eye 
morphogenesis; cytokinesis; intercellular 
bridge organization; positive regulation 
of receptor-mediated endocytosis 
SH3 domain binding   
5-HT7 Serotonin receptor 7 CG12073 3R activation of adenylate cyclase activity 
by serotonin receptor signaling pathway; 
female mating behavior; male courtship 
behavior, orientation prior to leg tapping 
and wing vibration; male courtship 
behavior, proboscis-mediated licking; 
male courtship behavior, veined wing 
vibration 
dopamine receptor activity; serotonin 
receptor activity 
  
CG31008  CG31008 3R     
CG11317  CG11317 3R zinc ion binding    
CG11318  CG11318 3R G-protein coupled receptor activity neuropeptide signaling pathway   
Gyc$100B Guanylyl cyclase $-
subunit at 100B  
CG1470 3R guanylate cyclase activity; heme 
binding; nucleotide binding 
intracellular signal transduction   
CG31004  CG31004 3R  cell-matrix adhesion   
chp chaoptic CG1744 3R  homophilic cell adhesion; response to 
stimulus; rhabdomere development; visual 
perception 
  
CG18673  CG18673 3R carbonate dehydratase activity; zinc ion 
binding 
one-carbon metabolic process   
CG15555  CG15555 3R sodium channel activity    
CycG Cyclin G CG11525 3R transferase activity negative regulation of G1/S transition of 
mitotic cell cycle; negative regulation of S 
phase of mitotic cell cycle 
  
CG5964  CG5964 3L     
Klp68D Kinesin-like protein at 68D CG7293 3L ATP binding; microtubule motor activity anterograde axon cargo transport; 
establishment or maintenance of microtubule 
cytoskeleton polarity; sensory perception of 
smell 
  
Grip163 Grip163 CG5688 3L mitosis; mitotic spindle organization gamma-tubulin binding   
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CG32100  CG32100 3L     
CG14590  CG14590 2R zinc ion binding negative regulation of transcription, DNA-
dependent 
  
Pld Phospholipase D CG12110 2R Phosphatidylinositol binding; 
phospholipase D activity 
Golgi organization; cellularization; 
gastrulation involving germ band extension; 
phototransduction; positive regulation of 
Golgi vesicle fusion to target membrane 
  
l(2)01289 lethal (2) 01289 CG9432 2R protein disulfide isomerase activity cell redox homeostasis   
wech wech CG42396 2R zinc ion binding cell differentiation; instar larval development; 
muscle attachment 
  
Gr43b Gr43b CG1339 2R G-protein coupled receptor activity sensory perception of chemical stimulus   
MLh1 Mlh1 CG11482 2R ATP binding; ATPase activity; 
mismatched DNA binding 
mismatch repair; reciprocal meiotic 
recombination 
  
Rad51C Rad51C CG2412 2R ATP binding; DNA binding; DNA-
dependent ATPase activity 
DNA metabolic process   
CG42382  CG42382 2R nucleic acid binding; zinc ion binding    
l(2)k10201 lethal (2) k10201 CG13951 2R zinc ion binding multicellular organismal development   
wun wunen CG8804 2R phosphatidate phosphatase activity; 
protein homodimerization activity 
embryonic pattern specification; germ cell 
programmed cell death; germ cell repulsion; 
pole cell migration 
  
CG12129  CG12129 2R RNA binding; catalytic activity RNA metabolic process; regulation of 
transcription, DNA-dependent 
  
sel seele CG12918 2R   polarity specification of dorsal/ventral 
axis; regulation of protein processing; 
regulation of protein secretion 
Stein et al., 2010 
mms4  CG12936 2R DNA binding; nuclease activity DNA metabolic process   
CG12942  CG12942 2R nucleic acid binding; zinc ion binding    
CG8290  CG8290 2R     
Rnrs Ribonucleoside 
diphosphate reductase 
small subunit 
CG8975 2R DNA replication; activation of caspase 
activity; deoxyribonucleoside 
diphosphate metabolic process 
ribonucleoside-diphosphate reductase 
activity 
  
rho-7 rhomboid-7 CG8972 2R serine-type endopeptidase activity mitochondrial fusion; proteolysis   
CG8298  CG8298 2R glycerol kinase activity glycerol-3-phosphate metabolic process   
CG30046  CG30046 2R     
CG30047  CG30047 2R peptidase activity proteolysis   
Cpr49Ah Cuticular protein 49Ah CG8515 2R structural constituent of cuticle    
CG8525  CG8525 2R deoxyribose-phosphate aldolase activity deoxyribonucleotide catabolic process   
DH44-R2 Diuretic hormone 44 
receptor 2 
CG12370 2R G-protein coupled receptor activity; 
diuretic hormone receptor activity 
   
CG34234  CG34234 2R     
CG8646  CG8646 2R N-acetylgalactosamine-4-sulfatase 
activity 
   
CG13148  CG13148 2R     
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Aats-val Valyl-tRNA synthetase CG4062 2R ATP binding; glutamate-tRNA ligase 
activity; valine-tRNA ligase activity 
valyl-tRNA aminoacylation   
CG34315  CG34315 2R     
lat latheo CG4088 2R DNA binding DNA-dependent DNA replication initiation; 
larval feeding behavior; olfactory learning 
  
CG4734  CG4734 2R     
CG6145  CG6145 2R NAD+ kinase activity    
CG34442  CG34442 2R     
CG17385  CG17385 2R nucleic acid binding; zinc ion binding    
CG12863  CG12863 2R nucleic acid binding; zinc ion binding    
CG12853  CG12853 2R     
CG10253  CG10253 2R UDP-N-acetylmuramate dehydrogenase 
activity; alkylglycerone-phosphate 
synthase activity; flavin adenine 
dinucleotide binding 
lipid biosynthetic process   
CG8089  CG8089 2R nucleic acid binding; zinc ion binding    
igl igloo CG18285 2R calmodulin binding    
CG43068  CG43068 2R     
CG8180  CG8180 2R     
CG12964  CG12964 2R     
Ir52d ionotropic receptor 52d CG30464 2R receptor activity    
Khc-73 Kinesin-73 CG8183 2R ATP binding; microtubule motor activity; 
protein homodimerization activity 
establishment of spindle orientation; 
microtubule-based movement; regulation of 
synapse structure and activity 
  
CG30467  CG30467 2R binding acute-phase response   
CG8187  CG8187 2R     
CG8192  CG8192 2R chitin binding chitin metabolic process   
CG30466  CG30466 2R     
Cng Cyclic-nucleotide-gated 
ion channel protein 
CG42701 2R cGMP binding; ion channel activity cGMP-mediated signaling   
Nox NADPH oxidase CG34399 2R calcium ion binding; electron carrier 
activity; flavin adenine dinucleotide 
binding; iron ion binding; oxidoreductase 
activity 
   
CG8060  CG8060 2R     
CG4409  CG4409 2R     
CG8963  CG8963 2R binding RNA metabolic process; brain 
morphogenesis; inter-male aggressive 
behavior; locomotion involved in locomotory 
behavior; olfactory behavior; startle response 
  
CG5009  CG5009 2R acyl-CoA dehydrogenase activity; acyl-
CoA oxidase activity; flavin adenine 
dinucleotide binding 
fatty acid beta-oxidation; generation of 
precursor metabolites and energy; 
prostaglandin metabolic process 
  
CG14491  CG14491 2R     
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elk eag-like K+ channel CG5076 2R two-component sensor activity; voltage-
gated potassium channel activity 
regulation of transcription, DNA-dependent   
CG5098  CG5098 2R     
Ote Otefin CG5581 2R transcription corepressor activity; 
transcription factor binding 
female germ-line stem cell division; germ-line 
stem cell maintenance; negative regulation 
of transcription, DNA-dependent; nuclear 
envelope reassembly; positive regulation of 
BMP signaling pathway 
  
CG18536  CG18536 2R     
sbb scribbler CG5580 2R transcription corepressor activity axon guidance; axon target recognition; 
imaginal disc-derived wing morphogenesis; 
larval locomotory behavior; negative 
regulation of smoothened signaling pathway; 
negative regulation of transcription from RNA 
polymerase II promoter; regulation of 
imaginal disc growth; wing disc dorsal/ventral 
pattern formation 
  
CG15087  CG15087 2R     
Dpt Diptericin CG12763 2R  antibacterial humoral response; defense 
response to Gram-negative bacterium; 
innate immune response 
  
endoB endophilin B CG9834 2R   associate with membranes of the early 
secretory pathway; bind to acidic 
phospholipids and tubulate liposomes; 
exhibit LPA-AT 
Huttner & Schmidt, 
2002 
CG13872  CG13872 2R     
RpS18 Ribosomal protein S18 CG8900 2R rRNA binding; structural constituent of 
ribosome 
mitotic spindle elongation; ribosome 
biogenesis; translation 
  
CG8908  CG8908 2R ATP binding; ATPase activity    
CG30148  CG30148 2R     
hbn homeobrain CG33152 2R sequence-specific DNA binding; 
sequence-specific DNA binding 
transcription factor activity 
   
CG15650  CG15650 2R     
CG9313  CG9313 2R ATPase activity    
dom domino CG9696 2R ATP binding; DNA binding; helicase 
activity; protein binding 
cell cycle; dendrite guidance; gene silencing; 
hemopoiesis; histone acetylation;  histone 
exchange; instar larval or pupal 
development; negative regulation of 
hemocyte proliferation; oogenesis; positive 
regulation of Notch signaling pathway; 
regulation of alternative nuclear mRNA 
splicing, via spliceosome; regulation of 
transcription, DNA-dependent; transcription, 
DNA-dependent; wing disc pattern formation 
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Egfr Epidermal growth factor 
receptor 
CG10079 2R ATP binding; epidermal growth factor-
activated receptor activity; protein 
binding 
G2/M transition of mitotic cell cycle; 
Malpighian tubule morphogenesis; R7 cell 
differentiation; antennal development; anti-
apoptosis; behavioral response to ethanol; 
border follicle cell migration; brain 
development; branched duct epithelial cell 
fate determination, open tracheal system; 
cell projection assembly; cell-cell adhesion; 
chorion-containing eggshell pattern 
formation; compound eye cone cell fate 
commitment; compound eye photoreceptor 
fate commitment; determination of genital 
disc primordium; dorsal appendage 
formation; dorsal closure; establishment or 
maintenance of apical/basal cell polarity; 
eye-antennal disc morphogenesis; female 
germ-line cyst encapsulation; gastrulation; 
germ-band shortening; germ-line stem cell 
maintenance; gonad development; haltere 
development; heart process; imaginal disc-
derived wing vein morphogenesis; imaginal 
disc-derived wing vein specification; leg disc 
proximal/distal pattern formation; 
maintenance of epithelial integrity, open 
tracheal system; male germ-line cyst 
encapsulation; maternal determination of 
dorsal/ventral axis, ovarian follicular 
epithelium, soma encoded; muscle 
attachment; muscle cell fate specification; 
negative regulation of S phase of mitotic cell 
cycle; negative regulation of compound eye 
retinal cell programmed cell death; notum 
cell fate specification; notum development; 
oenocyte differentiation; ommatidial rotation; 
oocyte anterior/posterior axis specification; 
oocyte dorsal/ventral axis specification; 
peripheral nervous system development; 
positive regulation of cell proliferation; 
progression of morphogenetic furrow 
involved in compound eye morphogenesis; 
regulation of R8 cell spacing in compound 
eye; regulation of hemocyte differentiation; 
salivary gland development; second mitotic 
wave involved in compound eye 
morphogenesis; segment polarity 
determination; spiracle morphogenesis, open 
tracheal system; stomatogastric nervous 
system development; tracheal pit formation 
in open tracheal system; wing disc 
proximal/distal pattern formation 
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clt cricklet CG9858 2R carboxylesterase activity; methyl indole-
3-acetate esterase activity; methyl 
jasmonate esterase activity; methyl 
salicylate esterase activity 
male mating behavior   
rad50 rad50 CG6339 2R ATP binding; double-stranding DNA 
binding; nuclease activity; zinc ion 
binding 
doulbe-strand break repair; meiosis; protein 
localization; telomere capping; telomere 
maintenance via recombination 
  
CG30195  CG30195 2R     
CG9826  CG9826 2R  transmembrane transport   
CG11555  CG11555 2L     
smo smoothened CG11561 2L G-protein coupled receptor activity; PDZ 
domain binding; Wnt-activated receptor 
activity; Wnt-protein binding; hedgehog 
receptor activity 
Bolwig's organ morphogenesis; 
anterior/posterior lineage restriction, imaginal 
disc; axon extension involved in axon 
guidance; blastoderm segmentation; 
canonical Wnt receptor signaling pathway; 
cardioblast differentiation; cerebellar cortex 
morphogenesis; ciliary receptor clustering 
involved in smoothened signaling pathway; 
determination of left/right symmetry; eye-
antennal disc morphogenesis; gonad 
development; heart morphogenesis; negative 
regulation of S phase of mitotic cell cycle; 
negative regulation of apoptosis; neuron fate 
commitment; neuron projection regeneration; 
ovarian follicle cell development; positive 
regulation of neuroblast proliferation; positive 
regulation of smoothened signaling pathway; 
smoothened signaling pathway involved in 
regulation of cerebellar granule cell 
precursor cell proliferation; somatic stem cell 
maintenance; vasculogenesis; wing disc 
anterior/posterior pattern formation 
  
a5 antennal protein 5 CG5430 2L   Odorant binding protein; antennal protein Swarup et al., 2011 
CG31924  CG31924 2L hydrolase activity    
CG14352  CG14352 2L DNA binding    
RFeSP Rieske iron-sulfur protein CG7361 2L 2 iron, 2 sulfer cluster binding; ubiquinol-
cytochrome-c reductase activity 
   
CG31937  CG31937 2L binding; oxidoreductase activity    
Nplp4 Neuropeptide-like 
precursor 4 
CG15361 2L neuropeptide hormone activity neuropeptide signaling pathway   
CG4238  CG4238 2L ubiquitin-protein ligase activity protein ubiquitination involved in ubiquitin-
dependent protein catabolic process 
  
Uch Ubiquitin carboxy-terminal 
hydrolase 
CG4265 2L cysteine-type peptidase activity; 
ubiquitin thiolesterase activity 
protein deubiquitination; ubiquitin-dependent 
protein catabolic process 
  
CG34174  CG34174 2L     
CG10880  CG10880 2L binding    
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CG7082  CG7082 2L RNA binding    
CG4267  CG4267 2L hydrolase activity lipid metabolic process   
CG31686  CG31686 2L     
CG43099  CG43099 2L     
CG42658  CG42658 2L     
Cyp309a1 Cyp309a1 CG9964 2L electron carrier activity; heme binding; 
monooxygenase activity; 
oxidoreductase activity, acting on paired 
donors, with incorporation or reduction 
of molecular oxygen 
   
CG9663  CG9663 2L ATP binding; ATPase activity    
Ndae1 Na+ -driven anion 
exchanger 1 
CG42253 2L inorganic anion exchange activity bicarbonate transport; chloride transport; 
proton transport; sodium ion transport 
  
CG42533  CG42533 2L GTP binding; GTPase binding; guanyl-
nucleotide exchange factor activity 
   
Proct Proctolin CG7105 2L neuropeptide hormone activity    
wol wollknaeuel CG7870 2L dolichyl-phosphate beta-
glucosyltransferase activity 
Golgi organization; embryonic pattern 
specification; segment specification 
chitin-based cuticle development Shaik et al., 2011 
Scg" Sarcoglycan " CG7851 2L calcium ion binding sarcoglycan complex   
CG7840  CG7840 2L oxidoreductase activity, acting on CH-
CH group of donors 
dolichol metabolic process; dolichol-linked 
oligosaccharide biosynthetic process; 
polyprenol catabolic process 
  
CG7810  CG7810 2L     
CG7806  CG7806 2L ATP binding; xenobiotic-transporting 
ATPase activity 
   
CG31898  CG31898 2L     
Tsp29Fa Tetraspanin 29Fa CG9494 2L     
CG12439  CG12439 2L     
c(2)M crossover suppressor on 2 
of Manheim 
CG4249 2L  resolution of meiotic recombination 
intermediates 
  
beat-IIIa beat-IIIa CG12621 2L     
CG34169  CG34169 2L     
Gr36a Gustatory receptor 36a CG31747 2L taste receptor activity    
Gr36c Gustatory receptor 36c CG31748 2L taste receptor activity    
GR36d Gr36d CG31750 2L G-protein coupled receptor activity sensory perception of chemical stimulus   
CG6380  CG6380 2L protein phosphatase inhibitor activity regulation of phosphoprotein phosphatase 
activity; regulation of signal transduction 
  
CLIP-190 Cytoplasmic linker protein 
190 
CG5020 2L actin binding; microtubule binding cellularization   
CG15141  CG15141 2L ubiquitin-protein ligase activity; zinc ion 
binding 
   
CG10178  CG10178 2L     
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amos absent MD neurons and 
olfactory sensilla 
CG10393 2L  nervous system development; regulation of 
transcription, DNA-dependent; sensory 
organ precursor cell fate determination; 
transcription, DNA-dependent 
  
CG42848  CG42848 2L     
l(2)37Cb lethal (2) 37Cb CG10689 2L ATP binding; ATP-dependent helicase 
activity; nucleic acid binding; 
nucleotidyltransferase activity 
nuclear mRNA splicing, via spliceosome   
l(2)37Cd lethal (2) 37Cd CG10563 2L  phagocytosis, engulfment   
Aats-asn Asparaginyl-tRNA 
synthetase 
CG10687 2L asparaginyl-tRNA aminoacylation ATP binding; asparagine-tRNA ligase 
activity; aspartate-tRNA ligase activity; 
nucleic acid binding 
  
CG10462  CG10462 2L nucleic acid binding; zinc ion binding    
CG10631  CG10631 2L nucleic acid binding; zinc ion binding    
CG10664  CG10664 2L Golgi organization; cell proliferation; 
mitotic cell cycle 
cytochrome-c oxidase activity   
CG42866  CG42866 2L     
CG17570  CG17570 2L     
CheB38b Chemosensory protein B 
38b 
CG33321 2L  detection of pheromone   
  57 
 
 
Appendix A.3. Molecular and biological functions, obtained from uniprot.org and literature searches, for those genes containing SNPs/DIPs from both the 91-C and 91-R fly line. Gene symbol, gene name, and 
annotation symbol from flybase.org. The color-coding system is as follows: Nervous system = blue, External sensory perception = pink, Cuticular = brown, Egg/Reproduction = orange, Mitochondrial = green, 
Growth/Development = purple, Metal ion binding = teal, Enzyme/Enzymatic activity = red, Other = white, Unknown = gray. Additional reference information can be seen in Appendix C. 
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CG31921   CG31921 2L         
Plc21C Phospholipase C at 21C CG4574 2L 
calcium ion binding; phosphatidylinositol 
phospholipase C activity; signal 
transducer activity 
flight behavior; intracellular signal 
transduction; lipid catabolic process     
CG5440   CG5440 2L 
ATP binding; ubiquitin-protein ligase 
activity       
haf hattifattener CG14351 2L   motor axon guidance     
CG31935   CG31935 2L 
Rab GTPase activator activity; Rab 
GTPase binding       
Eno Enolase CG17654 2L 
Magnesium ion binding; 
Phosphopyruvate hydratase activity Glycolysis     
Rrp40   CG31938 2L Hydrolase activity       
CG31663   CG31663 2L         
CG7295   CG7295 2L Heme binding       
CG15385   CG15385 2L Acid phosphatase activity       
mio missing oocyte CG7074 2L   
Double-strand break repair; 
Multicellular organismal development; 
oocyte differentiation; oocyte fate 
determination; regulation of meiosis     
Vglut 
Vesicular glutamate 
transporter CG9887 2L 
L-glutamate transmembrane transporter 
activity; neurotransmitter transporter 
activity synaptic transmission, glutamatergic     
Cyp309a2 Cyp309a2 CG18559 2L 
electron carrier activity; heme binding; 
monooxygenase activity; oxidoreductase 
activity, acting on paired donors, with 
incorporation or reduction of molecular 
oxygen       
CG17264   CG17264 2L         
CG3605   CG3605 2L   
nuclear mRNA splicing, via 
spliceosome     
toc toucan CG9660 2L hydrolase activity 
ovarian follicle cell development; 
syncytial blastoderm mitotic cell cycle     
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CG13786   CG13786 2L         
CG5149   CG5149 2L structural molecule activity       
CG15818   CG15818 2L binding       
chm chameau CG5229 2L 
histone acetyltransferase activity; 
sequence-specific DNA binding 
transcription factor activity; transcription 
coactivator activity; zinc ion binding 
dendrite morphogeneisis; gene 
silencing; negative regulation of 
transcription, DNA-dependent; wing 
disc dorsal/ventral pattern formation     
Gr28b Gustatory receptor 28b CG13788 2L taste receptor activity 
feeding behavior; melanization defense 
response     
Spn7 Serine protease inhibitor 7 CG6717 2L 
peptidase activity; serine-type 
endopeptidase inhibitor activity proteolysis; regulation of proteolysis     
spz3 spatzle 3 CG7104 2L     Toll binding; Toll signaling pathway Parker et al., 2001 
Spn28Da Serpin 28Da CG31902 2L 
serine-type endopeptidase inhibitor 
activity       
d dachs CG42840 2L 
ATP binding; ATPase activity; motor 
activity   
establishment of ommatidial planar 
polarity; imaginal disc-derived wing 
vein morphogenesis; leg disc 
development; wing disc 
development Mao et al., 2006 
CG34398   CG34398 2L         
osp outspread CG3479 2L         
heix heixuedian CG5876 2L prenyltransferase activity menaquinone biosynthetic process     
mRpL4 
mitochondrial ribosomal 
protein L4 CG5818 2L structural constituent of ribosome translation     
CG42389   CG42389 2L         
CG31815   CG31815 2L         
CG31782   CG31782 2L nucleic acid binding; zinc ion binding       
Ugt36Bb Ugt36Bb CG13271 2L glucuronosyltransferace activity   
polysaccharide metabolic process, 
defense response, steroid metabolic 
process, response to toxin 
Sambandan et al., 
2008 
CG13272   CG13272 2L         
CG13280   CG13280 2L binding; oxidoreductase activity       
mdy midway CG31991 2L 
cholesterol O-acyltransferase activity; 
diacylglycerol O-acyltransferase activity 
Negative regulation of lipid storage; 
oogenesis; regulation of nurse cell 
apoptosis; wing disc development     
tweek tweek CG42555 2L   Synaptic vesicle endocytosis     
CG42556   CG42556 2L         
CG31784   CG31784 2L         
Gr36b Gustatory receptor 36b CG31744 2L Taste receptor activity 
Integral to membrane; plasma 
membrane     
Lrch 
Leucine-rich-repeats and 
calponin homology domain 
protein CG6860 2L     
stabilization of the cell cortex during 
cell division; cytoskeletal scaffolding 
protein; cleavage furrow 
Foussard et al., 
2010 
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Dif 
Dorsal-related immunity 
factor CG6794 2L 
sequence-specific DNA binding; 
sequence-specific DNA binding 
transcription factor activity 
Toll signaling pathway; antifuntal 
peptide production; defense response 
to Gram-positive bacterium; innate 
immune response; lamellocyte 
differentation; peripheral nervous 
system neuron development; 
plasmatocyte differentiation; positive 
regulation of antifungal peptide 
biosynthetic process; positive 
regulation of transcritpion from RNA 
polymerase II promoter; regulation of 
hemocyte proliferation; response to 
DNA damage stimulus; salivary gland 
histolysis     
Syt" Synaptotagmin " CG5559 2L Calcium-dependent phospholipid binding 
Neurotransmitter secretion; vesicle-
mediated transport     
CadN Cadherin-N CG7100 2L beta-catenin binding; calcium ion binding 
R7 cell development; R8 cell 
development; axon extension involved 
in axon guidance; axon extension 
involved in development; axon target 
recognition; axonal fasciculation; 
calcium-dependent cell-cell adhesion; 
homophilic cell adhesion; negative 
regulation of dendrite morphogenesis; 
ommatidial rotation; regulation of axon 
extension involved in axon guidance; 
retinal ganglion cell axon guidance     
CG17681   CG17681 2L N-acetyltransferase activity       
CG15160   CG15160 2L         
Faf Fas-associated factor CG10372 2L         
ssp3 short spindle 3 CG18397 2L   mitotic spindle elongation     
CG10561   CG10561 2L oxidoreductase activity       
pigeon pigeon CG10739 2L         
Pax Paxillin CG31794 2L zinc ion binding 
leg disc development; regulation of 
Rho GTPase activity; wing disc 
development     
lectin-37Db lectin-37Dd CG33533 2L binding       
CG13079   CG13079 2L endopeptidase inhibitor activity       
sick sickie CG42589 2L 
ATP binding; nucleoside-triphosphatase 
activity       
TotF Turandot F CG31691 2L   
Innate immune response; response to 
UV; response to bacterium; response 
to heat     
Victoria Victoria CG33117 2L   
Innate immune response; response to 
heat     
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sNPF 
short neuropeptide F 
precursor CG13968 2L Neuropeptide hormone activity 
adult feeding behavior; determination 
of adult lifespan; larval feeding 
behavior; multicellular organism 
growth; neuropeptide signaling 
pathway; positive regulation of ERK1 
and ERK2 cascade; positive regulation 
of cell size; positive regulation of insulin 
receptor signaling pathway; positive 
regluation of multicellular organism 
growth; regulation of glucose metabolic 
process; regulation of response to 
food; regulation of trehalose metabolic 
process     
CG9270   CG9270 2L 
ATP binding; xenobiotic-transporting 
ATPase activity       
CG8665   CG8665 2L 
acyl carrier activity; cofactor binding; 
formyltetrahydrofolate dehydrogenase 
activity; hydroxymethyl-, formyl- and 
related transferase activity; 
methyltransferase activity; 
oxidoreductase activity, acting on the 
aldehyde or oxo group of donors, NAD or 
NADP as acceptor 
10-formyltetrahedrofolate catabolic 
process; biosynthetic process     
Cyp6w1 Cyp6w1 CG8345 2R 
electron carrier activity; heme binding; 
monooxygenase activity; oxidoreductase 
activity, acting on paired donors, with 
incorporation or reduction of molecular 
oxygen       
CG2183   CG2183 2R         
Cyp6a13 Cyp6a13 CG2397 2R 
electron carrier activity; heme binding; 
monoxygenase activity; oxidoreductase 
activity, acting on paried donors, with 
incorporation or reduction of molecular 
oxygen       
Rme-8 
Receptor mediated 
endocytosis 8 CG8014 2R 
heat shock protein binding; receptor 
activity 
border follicle cell migration; receptor-
mediated endocytosis     
l(2)03659 lethal (2) 03659 CG8799 2R 
ATP binding; ATPase activity, coupled to 
transmembrane movement of substances       
ced-6 ced-6 CG11804 2R protein binding 
apoptotic cell clearance; mushroom 
body development; neuron remodeling     
dgo diego CG12342 2R protein binding 
establishment of imaginal disc-derived 
wing hair orientation; establishment of 
ommatidial planar polarity     
CG13185   CG13185 2R ATP binding; ATPase activity       
CG13189   CG13189 2R 
metal ion transmembrane transporter 
activity       
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MCPH1 Microcephalin CG42572 2R   
embryo development; mitosis; 
mushroom body development; pole cell 
formation     
CG13157   CG13157 2R         
CG8834   CG8834 2R 4-coumarate-CoA ligase activity       
CG4714   CG4714 2R         
CG10799   CG10799 2R         
CG17047   CG17047 2R         
shot short stop CG18076 2R 
actin binding; calcium ion binding; 
microtubule binding 
actin cytoskeleton organization; 
apposition of dorsal and ventral 
imaginal disc-derived wing surfaces; 
axon midline choice point recognition; 
branch fusion, open tracheal system; 
cell cycle arrest; dentrite 
morphogenesis; determination of 
muscle attachment site; lumen 
formation, open tracheal system; 
microtubule cytoskeleton organization; 
mushroom body development; negative 
regulation of microtubule 
depolymerization; oocyte fate 
determination; regulation of axon 
extensionl sensory organ development     
Su(var)2-HP2 Su(var)2-HP2 CG12864 2R DNA binding 
gene silencing; heterochromatin 
formation; mitotic chromosome 
condensation     
dup double parked CG8171 2R protein binding 
DNA endoreduplication; DNA 
replication checkpoint; antimicrobial 
humoral response; centrosome 
duplication; cytokinesis; eggshell 
chorion gene amplification; mitotic 
sister chromatid separation     
GaINAc-T1 GaINAc-T1 CG8182 2R 
polypeptide N-
acetylgalactosaminyltransferaase activity; 
sugar binding oligosaccharide biosynthetic process     
CG4282   CG4282 2R DNA binding; zinc ion binding       
CG7813   CG7813 2R 
hydrogen-exporting ATPase activiy, 
phosphorylative mechanism ATP synthesis coupled proton transport     
Alk Alk CG8250 2R 
ATP binding; transmembrane receptor 
protein tyrosine kinase activity 
activation of MAPKK activity; axon 
guidance; compound eye 
photoreceptor development; digestive 
tract development; mesoderm 
development; regulation of hemocyte 
differentiation; transmembrane receptor 
protein tyrosine kinase signaling 
pathway; visceral muscle development     
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veg vegetable CG6657 2R mannosyltransferase activity 
GPI anchor biosynthetic process; 
peripheral nervous system 
development     
CG43328   CG43328 2R         
CG43327   CG43327 2R         
CG34386   CG34386 2R         
CG5189   CG5189 2R   
cell growth; cellular protein localization; 
cellular response to amino acid 
stimulus; positive regulation of TOR 
signaling cascade     
CG30120   CG30120 2R         
Prp19 Prp19 CG5519 2R ubiquitin-protein ligase activity 
nuclear mRNA splicing, via 
spliceosome     
hts hu li tai shao CG43443 2R actin binding; metal ion binding 
cell differentiation; multicellular 
organismal development; oogenesis guides photoreceptor axons Ohler  et al., 2011 
CG11018   CG11018 2R         
hrg hiiragi CG9854 2R 
RNA binding; polynucleotide 
adenylyltransferase activity 
RNA polyadenylation; transcription, 
DNA-dependent     
RIC-3   CG30296 2R receptor activity       
shg shotgun CG3722 2R beta-catenin binding; calcium ion binding 
apical protein localization; axon 
guidance; border follicle cell migration; 
brain development; branch fusion, 
open tracheal system; cell projection 
assembly; gastrulation involving germ 
band extension; germ-line stem cell 
division; germarium-derived female 
germ-line cyst encapsulation; gonad 
morphogenesis; gonadal mesoderm 
development; head involution; 
homophilic cell adhesion; maintenance 
of epithelial integrity, open tracheal 
system; ommatidial rotation; oocyte 
anterior/posterior axis specification; 
oocyte localization involved in 
germarium-derived egg chamber 
formation; optic lobe placode 
development; outflow tract 
morphogenesis; pole cell migration; 
salivary gland morphogenesis; somatic 
stem cell division; somatic stem cell 
maintenance; wound healing; zonula 
adherens assembly     
CG10527   CG10527 2R         
CG4030   CG4030 2R zinc ion binding       
CG34396   CG34396 2R potassium channel activity       
king-tubby king tubby CG9398 2R         
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CG9394   CG9394 2R 
carbohydrate binding; 
glycerophosphodiester 
phosphodiesterase activity 
glycerol metabolic process; lipid 
metabolic process     
Magi Magi CG30388 2R 
Ral GTPase binding; guanylate kinase 
activity       
CG30389   CG30389 2R         
tud tudor CG9450 2R nucleic acid binding 
P granule organization; intracellular 
mRNA localization; mitochondrial rRNA 
export from mitochondrian; pole cell 
development     
CG10505   CG10505 2R 
ATP binding; ATPase activity, coupled to 
transmembrane movement of substances 
Response to copper ion; Response to 
zinc ion metal ion binding 
Yepiskoposyan et 
al., 2006 
CG4554   CG4554 2R binding   neurogenesis 
Neumüller et al., 
2011 
CG4610   CG4610 2R flavin adenine dinucleotide binding tRNA wobble uridine modification     
CG13531   CG13531 2R         
CG3499   CG3499 2R 
ATP binding; metalloendopeptidase 
activity; nucleoside-triphosphatase 
activity protein catabolic process; proteolysis     
CG4563   CG4563 2R 4-coumarate-CoA ligase activity       
"Tub84D "-Tubulin at 84D CG2512 3R 
GTP binding; GTPase activity; protein 
binding; structural molecule activity 
cytokinesis; microtubule-based 
movement; protein polymerization     
"-Est3 "-Esterase-3 CG1257 3R 
carboxylesterase activity; methyl indole-
3-acetate esterase activity; methyl 
jasmonate esterase activity; methyl 
salicylate esterase activity       
"-Est1 "-Esterase-1 CG1031 3R 
carboxylesterase activity; methyl indole-
3-acetate esterase activity; methyl 
jasmonate esterase activity; methyl 
salicylate esterase activity       
CG9297   CG9297 3R GTP binding; GTPase activity       
CG15523   CG15523 3R         
CG15548   CG15548 3R         
Cyp4e1 Cytochrome P450-4e1 CG2062 X 
Electron carrier activity; heme binding; 
monooxygenase activity; oxidoreductase 
activity, acting on paired donors, with 
incorporation or reduction of molecular 
oxygen       
CG32699   CG32699 X 
1-acylglycerophosphocholine O-
acyltransferase activity; calcium ion 
binding phospholipid biosynthetic process     
CG42258   CG42258 X         
Flo-2 flotillin 2 CG32593 X structural molecule activity cell adhesion 
 
  
CG12539   CG12539 X 
choline dehydrogenase activity; flavin 
adenine dinucleotide binding; glucose 
dehydrogenase activity alcohol metabolic process     
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drd drop dead CG33968 X 
transferase activity, transferring acyl 
groups other than amino-acyl groups 
chitin-based cuticle development; 
defecation; digestive system process; 
oogenesis     
RhoGEF2 RhoGEF2 CG9634 X metalloendopeptidase activity proteolysis     
CG6867   CG6867 X         
Sh Shaker CG12348 X voltage-gated potassium channel activity 
axon extension; behavioral response to 
ether; courtship behavior; detection of 
visible light; flight behavior; larval 
locomotory behavior; learning or 
memory; proboscis extension reflex; 
regulation of action potential; regulation 
of circadian sleep/wake cycle, sleep; 
regulation of synaptic activity; sensory 
perception of taste; sleep     
Dhc16F Dynein heavy chain at 16F CG7092 X 
ATP binding; ATPase activity; 
microtubule motor activity; transcription 
factor binding 
microtubule-based movement; 
regulation of transcription, DNA-
dependent     
CG14219   CG14219 X 
transferase activity, transferring acyl 
groups other than amino-acyl gropus       
CG11227   CG11227 X         
Npc1b Niemann-Pick type c-1b CG12092 X hedgehog receptor activity 
central nervous system development; 
dorsal closure; intestinal cholesterol 
absorption; peripheral nervous system 
development     
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Appendix B.1. Molecular and biological functions, obtained from uniprot.org and literature searches, for those genes containing 
SNPs/DIPs from only the 91-R fly line.  
Nervous System 
gkt 
CG1698 
Ark 
onecut 
CadN2 
CG1688 
Atg7 
cals 
dtr 
dila 
Liprin-γ 
ase 
Dscam 
NiPp1 
ppk12 
shakB 
External/Sensory Perception 
ninaC 
Obp50b 
pallidin 
Gr39b 
Obp50e 
dpr18 
Or43a 
Obp56d 
Obp50c 
Obp56e 
Cuticular 
Cpr47Eb 
Cyp4g1 
Cht8 
CG33173 
Cht12 Cpr100A 
Egg/Reproduction 
chico 
par-6 
Mst36Fa Sfp51E krimp 
Growth/Development 
E23 
 
Wnt10 
 
fy 
 
Xbp1 
Metal Ion Binding 
CG42750 
Menl-1 
CG9406 
tos 
Menl-2 
CG32549 
CG17568 
ste24c 
sPLA2 
ste24b 
Mitochondrial 
clu    
Enzyme/Enzymatic Activity 
CG42329 
CG31812 
TepIV 
CG8520 
HPS4 
Treh 
CG5556 
CG7180 
Ef2b 
CG4716 
CG5757 
CG11170 
CG9870 
CG5790 
Rs1 
CG6796 
CG10924 
CG18641 
CG31751 
CG1773 
CG6805 
CG10081 
Other 
CG3542 
CG5888 
CG8671 
Tfb1 
CG9346 
Msp-300 
msl-1 
Ars2 
CG11807 
CG4050 
CG13791 
Jwa 
Vps13 
mute 
CG9418 
CG32985 
Nhe2 
CG1946 
dgt3 
Unknown 
CG3557 
CG7200 
CG13965 
CG30373 
CG17574 
CG42391 
CG34190 
Gint3 
CG42753 
CG15653 
CG15545 
CG32507 
CG9525 
CG43353 
CG16772 
CG10459 
CG4712 
CG12963 
CG30461 
CG42306 
CG16742 
CG6758 
CG32816 
CG42818 
CG43354 
CG7845 
sprt 
CG17050 
CG15708 
CG15609 
CG43070 
CG15651 
f-cup 
CG9902 
CG42830 
CG34051 
Tsp42Ee 
CG30486 
CG34184 
CG33960 
CG9646 
CG33454 
CG3296 
CG14850 
CG34328 
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Appendix B.2. Molecular and biological functions, obtained from uniprot.org and literature searches, for those genes containing 
SNPs/DIPs from only the 91-C fly line. 
Nervous System 
 
5-HT7 
elk 
Nplp4 
CG11318 
sbb 
Proct 
Klp68D 
dom 
amos 
Khc-73 
smo 
 
External/Sensory Perception 
Hop 
CG15555 
igl 
Gr36a 
f 
Pld 
CG8963 
Gr36c 
cindr 
Gr43b 
Egfr 
Gr36d 
chp 
lat 
a5 
CheB38b 
Cuticular 
Cht6 Cpr49Ah CG8192 wol 
Egg/Reproduction 
wun Ote   
Growth/Development 
mit(1)15 
CycG 
sel 
Myo10A 
Grip163 
CLIP-190 
CG14204 
wech 
CG10664 
CG31004 
l(2)k10201 
Metal Ion Binding 
CG32702 
Gycβ100B 
CG12942 
Nox 
Ndae1 
CG10631 
CG17209 
CG18673 
CG17385 
rad50 
Scgα 
Dip-B 
CG14590 
CG12863 
RFeSP 
CG15141 
CG11317 
CG42382 
CG8089 
Cyp309a1 
CG10462 
Mitochondrial 
rho-7    
Enzyme/Enzymatic Activity 
l(1)1Bi 
CG1801 
l(2)01289 
Rnrs 
CG8646 
CG5009 
CG31924 
CG4267 
CG6380 
CG11403 
Pros45 
MLh1 
CG8298 
Aats-val 
CG8908 
CG31937 
CG9663 
l(2)37Cb 
Ocri 
α-Est6 
Rad51C 
CG30047 
CG6145 
CG9313 
CG4238 
CG7840 
Aats-asn 
CG16922 
grass 
mms4 
CG8525 
CG10253 
clt 
Uch 
CG7806 
Other 
α-Est4aψ 
DH44-R2 
Dpt 
CG9826 
CG42533 
CG9288 
lr52d 
endoB 
CG14352 
c(2)M 
CG15695 
CG30467 
RpS18 
CG10880 
beat-IIIa 
CG12129 
Cng 
hbn 
CG7082 
l(2)37Cd 
Unknown 
CG2861 
CG15580 
CG42557 
CG32100 
CG13148 
CG12853 
CG8187 
CG14491 
CG13872 
CG11555 
CG42658 
CG12439 
CG42866 
CG4593 
CG42375 
CG15537 
CG8290 
CG34315 
CG43068 
CG30466 
CG5098 
CG30148 
CG34174 
CG7810 
CG34169 
CG17570 
CG12991 
CG9286 
CG31008 
CG30046 
CG4734 
CG8180 
CG8060 
CG18536 
CG15650 
CG31686 
CG31898 
CG10178 
CG12992 
CG42558 
CG5964 
CG34234 
CG34442 
CG12964 
CG4409 
CG15087 
CG30195 
CG43099 
Tsp29Fa 
CG42848 
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Appendix B.3.  Molecular and biological functions, obtained from uniprot.org and literature searches, for those genes containing 
SNPs/DIPs from the 91-C and 91-R fly line. 
Nervous System 
Vglut 
Sytα 
shot 
shg 
Npc1b 
chm 
CadN 
Alk 
CG34396 
Tweek 
sNPF 
veg 
CG4554 
Dif 
ced-6 
hts 
Sh 
External/Sensory Perception 
haf Gr28b Gr36b  
Cuticular 
dgo drd   
Egg/Reproduction 
mio 
dup 
toc mdy MCPH1 
Growth/Development 
d 
 
Lrch ssp3 CG5189 
Metal Ion Binding 
Plc21C 
CG31782 
CG13189 
CG3499 
Eno 
Pax 
CG4282 
Cyp4e1 
CG7295 
Cyp6w1 
CG4030 
CG32699 
Cyp309a2 
Cyp6a13 
CG10505 
RhoGEF2 
Mitochondrial 
tud    
Enzyme/Enzymatic Activity 
CG5440 
Spn7 
CG13280 
CG9270 
CG8834 
hrg 
αTub84D 
CG12539 
CG31935 
Spn28Da 
CG17681 
CG8665 
GaINAc-T1 
CG9394 
α-Est3 
Dhc16F 
Rrp40 
heix 
CG10561 
l(2)03659 
CG7813 
Magi 
α-Est1 
CG14219 
CG15385 
Ugt36Bb 
sick 
CG13185 
Prp19 
CG4563 
CG9297 
 
Other 
CG3605 
mRpL4 
Victoria 
CG4610 
CG5149 
lectin-37Dd 
Rme-8 
Flo-2 
CG15818 
CG13079 
Su(var)2-HP2 
spz3 
TotF 
RIC-3 
Unknown 
CG31921 
CG34398 
CG42556 
Faf 
CG4714 
CG43327 
CG10527 
CG15523 
CG11227 
CG31663 
osp 
CG13272 
pigeon 
CG10799 
CG34386 
king-tubby 
CG15548 
 
CG17264 
CG42389 
CG31784 
CG2183 
CG17047 
CG30120 
CG30389 
CG42258 
CG13786 
CG31815 
CG15160 
CG13157 
CG43328 
CG11018 
CG13531 
CG6867 
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